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Summary 
The chemical and microstructural behavior of steels (304, 310, 316, and 1018), nickel-based alloys 
(β-NiAl, G30, and 625), gold, coatings (4YSZ, SilcoNert 1040 (SilcoTek Co.), Dursan (SilcoTek Co.), 
and porcelain), and bulk ceramics (α-Al2O3, fused quartz, β-SiC, and α-Si3N4) were probed after exposure 
to supercritical fluid with temperature, pressure, and composition mimicking the Venus lower 
atmosphere. Exposures were carried out in the Glenn Extreme Environments Rig (GEER) chamber with 
the Venusian gas mixture (96.5% CO2, 3.5% N2, 30 ppm H2O, 150 ppm SO2, 28 ppm CO, 15 ppm OCS, 
3 ppm H2S, 0.5 ppm HCl, and 5 ppb HF) at 92 bar (1330 psi) and 467 °C (873 °F) for durations of 10 and 
42 days. An additional 21-day exposure was done to stainless steel uncoated and coated with SilcoNert 
and Dursan. Samples were characterized before and after the experiment by gravimetric analysis, X-ray 
diffraction, X-ray photoelectron and Auger electron spectroscopies, and cross section electron microscopy 
analysis. All steels exposed for 10 and 42 days formed double-layered scales consisting mainly of metal 
(Cr, Fe, Ni) oxides and sulfides showing different chemistry, microstructure, and crystalline phases. The 
alloys G30 and 625 formed double-layered scales consisting mainly of nickel sulfides. After 10 days, the 
β-NiAl exhibited no detectable scale, suggesting only a very thin film was formed. The 304 and 316 
stainless steels coated with 4YSZ that were exposed for 10 and 42 days exhibited no significant oxidation. 
Steel 1018 coated with 4YSZ exhibited a corrosion scale of iron and/or chromium oxide formed at the 
base of the alloy. The 304 steel coated with porcelain did not exhibit corrosion, although the coating 
exhibited recession. SilcoNert exposed for 10 and 42 days exhibited recession, although no oxidation 
was found to occur at the base of the alloy. Stainless steel 316 coated with Dursan exhibited corrosion at 
the base of the alloy. All ceramics tested showed no clear evidence of reaction. The weight-gain-per-area 
performance of the materials exposed in the GEER for 10 and 42 days are reported from the lowest to the 
highest weight gain per area as follows: gold did not exhibit any weight change; nickel-based alloys: β-
NiAl < G30 < 625; steels: 304 < 310 < 316 < 1018; ceramics: considering the experimental uncertainties, 
no weight change was observed for all ceramics of this work (α-Al2O3, Si3N4, SiC, and amorphous SiO2). 
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1.0 Introduction 
Degradation of materials (Ref. 1) by supercritical fluids in extreme environments is a current and 
future concern for understanding the stability of materials. In the case of materials the lack of knowledge 
of these properties limits their use for energy and planetary and space exploration applications (e.g., 
nuclear reactors (Ref. 2), New Frontiers Missions: Venus In Situ Explorer (VISE) (Refs. 3 and 4). Such 
degradation processes generally occurs via several steps (Ref. 5): 
 
(1) Transport of reactive species through the fluid or gas 
(2) Transport of reactive species through a growing (usually oxide) scale 
(3) Reaction at the oxide/substrate or oxide/fluid interface 
(4) Transport of any additional products away from sample 
 
The kinetics of oxidation is generally followed by recording either scale thickness as a function of 
time or weight change per unit area as a function of time. In general, oxidation kinetics follow either 
linear or parabolic rate laws (Ref. 5). These are shown in Figure 1. The most desirable is a parabolic rate 
law, which indicates that solid-state diffusion through the scale is rate limiting and as the scale grows, the 
reaction slows. The best method of recording kinetics is with a continuous weighing mechanism, which 
measures weight change throughout the course of the reaction. However, in many cases this is not 
possible, and the sample must be removed from the exposure chamber for weight measurements. In the 
latter case, more measurements are better for an accurate representation of kinetics.  
Following is an overview of the interaction of metallic materials and ceramics in pure supercritical 
CO2, which is less complex than the current study involving the atmosphere and temperature of Venus 
simulated in the Glenn Extreme Environments Rig (GEER). The GEER atmosphere consists of a 
supercritical mixture of CO2 and N2 as well as other minor gases and vapors (SO2, H2O, CO, OCS, HCl, 
HF, and H2S).  
The effects of pure supercritical CO2 on alloys has been explored since the 1970s because of the use 
of supercritical CO2 as coolants in nuclear power plants (Ref. 6). The oxidation of a metal in a particular 
alloy occurs when metal is transported to the metal/oxygen interface, and oxygen, to the oxide/oxygen 
interface (Ref. 7). This process depends on the redox potentials and diffusion characteristics of the 
chemical species and charge carriers that are approaching and at the interfaces (Fig. 2). 
Assuming that the processes occurring at the interfaces are kinetically rapid and thermodynamic 
governed, it is possible to predict the formation of the stable phases (metal oxides) on a metal through 
Ellingham diagrams (Ref. 8). In these diagrams, the Gibbs free energies of different reactions between 
metals and gaseous phase of CO2, CO, and O2 are related at different partial pressures and temperatures. 
In an oxidation process, it is desirable that one of the elements in an alloy forms a stable, dense, and 
protective oxide scale that prevents or significantly diminishes material loss at the surface at the alloy 
(Ref. 9). It is undesirable to form an oxide with porosity, high thermal coefficient mismatch between the 
metal and metal oxide, or with a high concentration of point defects (Ref. 9). Porosity and high 
concentration of point defects in oxides provides the ideal condition for the diffusion of molecular and 
ionic species, leading to continuous reaction between the supercritical and solid phases. Different thermal 
coefficient mismatch and rapid oxide growth leads to spallation of the oxide scale. In the case of exposure 
of austenitic alloys to pure supercritical CO2, it is commonly expected that the following reactions will 
occur (Refs. 1 and 9): 
 
 xM + yCO2 = MxOy + yCO (1) 
 
 CO = CO2 + C (2) 
 
 xM + yCO = MxOy + yC (3) 
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For an Fe-Cr alloy (stainless steel), M represents Fe, and another set of reactions may be written 
where M represents Cr. In these reactions a double-layered scale consisting of Fe3O4 (magnetite, outer 
layer) and Cr2O3 or (FexCry)O4 spinels (inner, protective layer) are formed during the oxidation process 
(Refs. 6 and 9). It is also possible that the carbon released by Reaction (2) causes a rapid increase of the 
carbon concentration in the alloy, which can lead to the formation of insoluble chromium carbides at the 
grain boundaries (Ref. 10). In addition to preventing the formation of a protective chromium oxide layer, 
the formation of carbides “weakens” the bonds between grains of the alloy, which can lead to the cracking 
and collapse or failure of the material. In general, the high content of chromium added to the austenitic 
steels enables a rapid formation of protective chromium-based oxide scales that minimizes the formation 
of carbides (Ref. 9). The addition of sulfur, nickel, and silicon in alloys has been reported to improve 
oxidation resistance of these materials exposed to supercritical CO2 (Refs. 6, 9, 11, and 12). It has also 
been reported that nickel-based alloys exposed to supercritical CO2 form a protective oxide layer that 
follows parabolic kinetics (Ref. 9). 
In case of ceramic materials, although the reactivity of the ceramic might be low in pure supercritical 
CO2, the presence of other gases and vapors in the Venusian atmosphere as well as their higher density 
and temperature significantly increases their solubility (Ref. 13). Chloride, fluoride, sulfite (from HCl, 
HF, and H2S), and water also play a key role as ligands in providing charge stability for metallic ions, 
which increases the solubility or enhances the transport of chemical species in and out of the ceramic 
materials. Thus the species present in the Venus simulated atmosphere in the GEER are expected to have 
a detrimental effect on the oxidation or reactivity of the ceramics as well. These processes involving 
transfer of the ceramic material into the supercritical phase may lead to recession and failure of the 
ceramics, including the coatings. Moreover, it is well known that anions such as chloride, fluoride, and 
sulfide are good catalysts to increase the rate of corrosion of alloys since they work as electrolytes. 
The goal of this work is to study the chemistry, structure, microstructure, and kinetics of metallic 
materials, coatings, and bulk ceramics exposed to supercritical fluid consisting of the chemical 
composition and temperature and pressure conditions of the Venus atmosphere (96.5% CO2, 3.5% N2, 
30 ppm H2O, 150 ppm SO2, 28 ppm CO, 15 ppm OCS, 3 ppm H2S, 0.5 ppm HCl, and 5 ppb HF at 92 bar 
(1330 psi) and 467 °C (873 °F). 
2.0 Experimental  
2.1 Materials 
The materials used in this work are divided into three groups: 
Group I—metallic materials 
• steels 304, 310, 316, and 1018 
• nickel-based alloys consisting of β-NiAl, G30, and 625 
• gold 
Group II—coatings  
• 4 mol% yttria-stabilized zirconia (4YSZ) 
• SilcoNert 1040 (amorphous-based carboxysilane material from SilcoTek Co.) 
• Dursan (amorphous-based silicon material from SilcoTek Co.) 
• porcelain 
Group III—ceramics  
• α-Al2O3 
• fused quartz (SiO2) 
• polycrystalline monolithic CVD β-SiC 
• CVD α-Si3N4 
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The metallic materials are described in Table 1, and their chemical composition provided by their 
manufacturers are in Table 2. The β-NiAl disc-like samples were cast in-house and were 0.3 cm thick and 
1.2 cm in diameter. Gold wire samples (99.999% pure) were approximately 8 cm long and 0.2 cm in 
diameter. The ceramic materials are described in Table 3. The coatings SilcoNert and Dursan were 
applied on the steels 304 and 316 by SilcoTek Co. (Bellefonte, PA). According to SilcoTek Co., the 
SilcoNert is a 180- to 800-nm-thick coating consisting of amorphous silicon material interdiffused with 
the host substrate, and its surface is passivated with covalently bonded hydrocarbon molecules. Dursan 
is a 0.4- to 1.6-µm-thick coating consisting of carboxysilane material interdiffused with the host substrate. 
Stainless steels 304 and 316 and steel 1018 coupons were coated with commercial 4YSZ (4 mol% Y2O3: 
96 mol% ZrO2, or Zr0.92Y0.08O2) powder using conventional air plasma spray (APS, Oerlikon Metco) at 
the NASA Glenn Research Center. The plasma torch was run at 40 kW using Ar/N2. The standoff 
distance was ~100 mm, and the samples were preheated by passing the torch across the samples twice 
before deposition. The porcelain coating, or SE 2720 glass, was applied on stainless steel 304 by Prince 
Minerals LLC, Leesburg, AL. 
All samples were cleaned with a detergent solution, rinsed with deionized water, and ultrasonicated in 
acetone and ethanol prior the experiments. Samples were weighed on an analytical balance (Sartorius 
model 1712 MP8, Göttingen, Germany) (±0.0003) before and after the exposure in the GEER.  
2.2 Exposure Procedure in GEER 
Samples were placed on a sample holder illustrated in Figure 3. The sample holder consisted of a 
U-shaped bracket with an alumina rod between the two ends. Samples were different sizes (see Tables 1 
and 2) and directly suspended from the rod or with Au wire. This sample holder was placed on a stainless 
steel 316 rail and loaded into the GEER through a port near the geometric center of the main chamber 
(a cylinder roughly 3 by 4 ft) (Fig. 3). The chamber was sealed and brought to low pressures at ambient 
temperature. Deionized water was weighed and added manually through a fill port on the vessel. 
High-accuracy mass flow controllers were used to add the other constituents of Venus gas mixture 
(30 ppm H2O, 150 ppm SO2, 28 ppm CO, 15 ppm OCS, 3 ppm H2S, 0.5 ppm HCl, and 5 ppb HF) to the 
vessel to approximately 34.5 bar (500 psi). Then the heating elements were turned on and the pressure 
increased to bring the system to the desired steady-state operating point of 92 bar (1330 psi) and 467 °C 
(873 °F). Two separate exposures of 10 and 42 days were conducted in the chamber under the Venusian 
atmosphere conditions. An additional 21 days of exposure was done to the stainless steels 304 and 316 
coated with Dursan and SilcoNert. The chemical composition of the supercritical fluid in the chamber 
was monitored by removing aliquots at specified intervals for mass spectrometric analysis. The chamber 
is equipped with a boost system, which allowed the injection of high-pressure gases during the 
experiment to adjust the composition or to top off the system pressure with the original mixture in case of 
small leaks. For each exposure a new batch of duplicate samples were loaded into the chamber. A batch 
of pristine, unexposed samples were retained for examination as reference points with no corrosion. 
2.3 Sample Characterization 
Figure 4 represents the process of sample preparation. After exposure, a triangle piece was cut from 
each sample. This piece was analyzed by X-ray diffraction (XRD) on a Bruker D8 Discover 
diffractometer (Bruker-AXS GmbH, Karlsruhe, Germany), by Auger electron spectroscopy (AES) RBD 
Instruments refurbished PHI 660 scanning Auger microprobe, and by X-ray photoelectron spectroscopy 
(XPS) PHI 5000 Versaprobe (ULVAC-PHI). After XRD and XPS analyses, these triangle samples were 
mounted in a PolyFast resin (Struers Inc., Cleveland, OH), finished (polished) using a nonaqueous 
solution and analyzed by a field emission scanning electron microscope (FE-SEM) Hitachi S4700-II 
(Hitachi High Technologies, Gaithersburg, MD) equipped with energy dispersive X-ray spectroscopy 
(EDS) (EDAX, Mahwah, NJ), a secondary electron (SE) detector, and a backscattered-electron (BSE) 
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detector. A focused ion beam scanning electron microscope (FIB-SEM) equipped with Gemini electron 
beam column (Carl Zeiss AG, Oberkochen, Germany) was also used to characterize some of the samples. 
Prior to electron microscopy, a thin layer of gold, platinum, or carbon was deposited on the ceramic and 
coated metallic samples. 
The initial surface treatment of an alloy (e.g., electrolytic polishing, mechanical polishing, milling, 
lathe-turning, or grinding, etc.) may have a major effect on oxidation rate (Ref. 14). In order to evaluate 
and understand the role played by polishing the surface of the 304 and 316 stainless steel samples, their 
microgeometric characteristic roughness was measured by an optical three-dimensional surface 
profilometer (Wyko NT9100, Town of Oyster Bay, NY). 
3.0 Results 
3.1 Microgeometric Characterization 
The total roughness measured for the polished side of the 304 stainless steel sample is 780.62 nm 
(Fig. 5), and for the unpolished side it is 3.57 µm (Fig. 6). The roughness of the untreated or unpolished 
side of the 316 stainless steel sample is 4.78 µm (Fig. 7). Both sides of the 316 stainless steel sample were 
unfinished and are considered to have the same roughness. 
3.2 Gravimetric Analysis 
The samples were weighed before and after exposure to the Venusian atmospheric conditions in the 
GEER for 10 and 42 days and then normalized to unit area by dividing the weight change by the total area 
of a particular sample. This analysis is used to determine weight gain or loss per area of the samples due 
to reactions occurring between the supercritical Venusian phase and the solid phase. The assessment of 
the results of the gravimetric analysis can be used to determine the potential material candidates for use in 
the Venusian atmospheric conditions. 
3.2.1 Alloys and Au 
In general, alloys form a thin oxide protective layer or scale in oxidizing atmospheres such as the 
Venusian atmosphere simulated in the GEER. Ideally, this oxide layer grows following parabolic kinetics 
with no breakaway behavior (fast weight gain and thickness increase of the scale resulting in oxide 
spallation) (Ref. 5). The reaction of oxygen with the surface of the alloy (e.g., high-temperature 
oxidation) is easily observed by weight gain and is tracked by gravimetric analysis. Excessive and rapid 
weight gains indicate that the alloy oxidizes readily. 
Figure 8 shows the weight change (weight gain for all alloys) per area of each sample. Considering 
the experimental uncertainties, no weight change, –1±8·10–4 (mg·cm–2), was observed for the Au sample 
exposed in the GEER for 42 days. In the case of the austenitic stainless steels, 316 exhibited the highest 
weight gain per area (1.760±0.007 mg·cm–2 after 10 days exposure and 3.113±0.008 mg·cm–2 after 
42 days exposure), and stainless steel 304 exhibited the lowest (0.040±0.007 mg·cm–2 after 10 days 
exposure and 0.134±0.007 mg·cm–2after 42 days exposure). In the case of the nickel-based alloys, alloy 
625 exhibited the highest weight gain per area (0.392±0.006 mg∙cm–2 after 10 days exposure and 
0.624±0.006 mg∙cm–2 after 42 days exposure), and alloy G30 exhibited the lowest (0.247±0.006 mg∙cm–2 
after 10 days exposure and 0.253±0.006 mg∙cm–2after 42 days exposure). The carbon steel 1018 exhibited 
the highest weight gain per area (4.045±0.009 mg·cm–2 after 10 days exposure and 11.36±0.02 mg·cm–2 
after 42 days exposure) among all the metallic materials exposed to the Venusian atmosphere in the 
GEER. 
The formation of the scales or metal oxides in the stainless steel 304 is accompanied by weight gain, 
which was used to calculate the weight gain rate. For this material, weight gain data were available at 
three times and an approximate kinetic plot could be constructed as shown in Figure 9. 
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3.2.2 Coatings on Carbon and Austenitic Steels 
The weight change per area of four different coating materials (4YSZ, Dursan, SilcoNert, and 
porcelain) deposited on steel substrates and exposed to the Venusian supercritical fluid for 10 and 42 days 
was also measured. In order to evaluate the coatings presented in Figure 10, three main properties must be 
considered: (1) thermal coefficient mismatch between the substrate and the coating, (2) porosity or 
density of the coating, and (3) point defects intrinsic from the coating material. The 4YSZ-coated steels 
approximately follow the same trend as observed for the uncoated steels 304, 316, and 1018 in Figure 8, 
although they exhibit lower weight gain per area. As observed in the cross-sectional analysis in 
Section 3.3.2, “Coatings on Carbon and Austenitic Steels,” the high porosity or low density of the 
4YSZ provides a path for gaseous diffusion of the constituents present in the supercritical fluid. In 
addition to porosity, oxygen vacancies provide a diffusion path for oxygen (e.g., from CO2, SO2, etc.) 
to migrate from the supercritical fluid phase to the metal/4YSZ interface. Stainless steels 304 and 316 
coated with SilcoNert (amorphous-based silicon material) exhibited the same weight gain per area 
(0.015±0.007 mg·cm–2 and 0.011±0.007 mg·cm–2, respectively, after 10 days exposure and 
0.016±0.007 mg·cm–2 and 0.021±0.007 mg·cm–2, respectively, after 42 days exposure), considering the 
experimental uncertainties. Stainless steel 304 samples coated with Dursan (amorphous carboxysilane 
material) exhibited no weight change per area (0.007±0.007 mg·cm–2 after 10 days exposure and 
–0.005±0.007 mg·cm–2 after 42 days exposure), considering the experimental uncertainties. In contrast to 
stainless steel 304 coated with Dursan, stainless steel 316 samples coated with Dursan exhibited weight 
gain per area of 0.100±0.007 mg·cm–2 after 10 days exposure and 0.166±0.007 mg·cm–2 after 42 days 
exposure. Since only one side of the stainless steel samples were coated with porcelain, their weight gain 
per area was calculated by subtracting the weight gain contribution of the uncoated area. With this 
correction, stainless steel 304 samples coated with porcelain exhibited weight gain per area of 
0.09±0.01 mg·cm–2 after 10 days exposure and no weight changes (–0.01±0.01 mg·cm–2) after 
42 days exposure. 
3.2.3 Ceramic Materials 
Allowing for experimental error, no weight change was observed for the ceramic materials α-Al2O3, 
Si3N4, SiC, or amorphous SiO2 exposed to the Venusian atmosphere in the GEER (Fig. 11). In addition to 
gravimetric analysis, XPS was used to analyze these ceramic materials in order to probe possible changes 
in their surface chemistry. 
3.3 Cross Section Microstructural, Structural, and Surface Characterization 
3.3.1 Alloys and Au 
Cross-sectional analysis using scanning electron microscopy (SEM) coupled with EDS was used to 
probe possible microstructural (e.g., oxide or sulfide layer(s) if present) and elemental changes in the 
materials exposed to the Venusian atmosphere in the GEER. Fast elemental mapping results are also 
provided here for the samples, although fast scans performed on the samples resulted in low resolution 
and poor definition of the microstructural features for some of the sample images. The SEM–EDS 
analysis results presented in this work are for samples exposed in the GEER for 10 and 42 days. The EDS 
results for this work are qualitative, and carbon was detected in all samples since carbon dioxide is always 
found adsorbed on the samples or are present in the SEM chamber even at low vacuum. 
The cross-sectional SEM and BSE images of the stainless steel 304 samples that were unexposed and 
exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 12 to 17. As 
observed in Figures 14 and 15, no oxide or sulfide layers or scales are detected on either the polished or 
unpolished side of the stainless steel 304 exposed for 10 days. The surface of the unpolished side, where 
the mounting material detached from its base, is irregular; this correlates with the surface roughness of the 
sample before the exposure experiment (see Fig. 16). A double-layer scale formed on the unpolished side 
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of the stainless steel 304 sample exposed to the Venusian atmosphere in the GEER for 42 days (Fig. 17). 
The inner layer of this scale is 0.84±0.10 µm thick, and the outer layer is 1.56±0.13 µm thick. No scale at 
a magnification of 8000× was found on the polished side of this sample exposed in the GEER for 42 days. 
Comparing the SEM results of the polished and unpolished sides of the stainless steel sample exposed in 
the GEER for 42 days, it is evident from the SEM cross-sectional images that surface polishing improves 
corrosion resistance of this alloy significantly.  
Although no scale was observed in the SEM images of the stainless steel 304 exposed in the GEER 
for 10 days (Figs. 14 and 15), EDS elemental analysis of the surface of the 304 sample (Fig. 15(a)) 
revealed the presence of a high content of oxygen (27 wt%) and low content of sulfur aside from the main 
constituents of this alloy. Spot EDS analyses were performed on area I, Figure 15(a), for the surface and 
area II for the bulk of the alloy, and the weight percentage of the elements obtained from this analysis is 
presented in Table 4. The weight percentage obtained of the bulk of the alloy obtained by EDS (Figs. 18 
and 19) is consistent with that provided by the manufacturer (Table 2). The scale formed on the stainless 
steel 304 sample exposed for 42 days is composed of oxygen (27.7 wt%), sulfur (8 wt%), chromium 
(34.1 wt%), and iron (27.1 wt%) (Table 5). 
The X-ray elemental mapping of the unpolished side of the stainless steel 304 coupon exposed to the 
Venusian atmosphere in the GEER for 10 and 42 days in Figures 20 and 21 shows that the distribution of 
the main elements (Fe, Cr, and Ni) is homogeneous throughout the bulk of the 304 sample. The high 
content of oxygen near the edge of the surface 304 exposed for 10 days in the GEER is probably due to 
the formation of an oxide nanometer-thickness scale containing iron and chromium. The elemental 
mapping images of the 304 sample exposed for 42 days (Fig. 21) show iron- and oxygen-rich layers 
formed on the base of this sample, which correspond to the scale observed in Figure 17. XPS analysis that 
better reveals the surface chemistry of this sample is discussed below. High chromium and nickel 
amounts are usually added to the stainless steel 300 series to form a protective layer of chromium 
containing oxides (spinels), which improves oxidation resistance. 
The XRD patterns of the unpolished 304 stainless steel samples that were unexposed and exposed in 
the GEER for 42 days are presented in Figure 22. Only γ austenite (PDF card 04-014-0264) and α ferrite 
(PDF card 04-014-0258) phases were detected by XRD analysis in the as-received sample. Magnetite 
(Fe3O4, PDF card 04-012-7038) and nickel sulfide (Ni0.96S, PDF card 00-050-1791) phases were detected, 
in addition to the γ and α phases, on the sides of the sample exposed in the GEER for 42 days. Note that 
Auger analysis (discussed later in this section) detected first a layer of iron oxide followed by a layer of 
chromium oxide in the scale of the sample and that XRD had detected the magnetite (Fe3O4) crystalline 
phase. It is also possible that chromium occupies the same position of iron in the octahedral sites of the 
magnetite crystal structure, and thus its formula can be represented as Fe3–xCrxO4.  
The elemental depth profile obtained by XPS of the polished side of the stainless steel 304 exposed in 
the GEER for 10 days is shown in Figure 23. From the surface sputtering inward the bulk of the sample, 
Figure 23 indicates that the first layer is carbon (∼10 nm) and the second and third are a ∼20-nm layer of 
iron oxide and a ∼150-nm layer of chromium oxide, respectively. These oxide layers are followed by a 
thin layer of sulfide at the reaction front, a layer of the alloy depleted in chromium, and finally the bulk 
composition of the stainless steel 304 sample. The total thickness of the scale, which is around 150 nm 
(or 0.15 µm) as measured by XPS, was not detected by electron microscopy as observed in Figure 14 at 
8000×. This is in fact because XPS is a surface technique that is much more sensitive to the first atomic 
layers down to a few tens of nanometers with sputtering profiling. Although the unpolished side of the 
stainless steel sample was too rough for an accurate depth profile XPS measurement, it exhibited the 
presence of iron oxide. Pt present on the samples is from the coating process that was required for charge 
dissipation in electron microscopy. 
The elemental depth profile obtained by XPS of the polished side of the stainless steel 304 exposed in 
the GEER for 42 days is shown in Figure 24. The area analysis (200 µm) is shown in the image inserted 
in Figure 24. This depth profile covers different topographies, including the rough scales on the surface. 
As a result of the uneven surface topography, the material being sputtered away leads to broadening and 
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tailing of the interfaces in the profile. The scale, which consists of iron and chromium oxides, is roughly 
0.7 µm. This scale measured by XPS was not detected by electron microscopy at 8000× (Fig. 16), which 
is related to the much higher sensitivity of the former technique. An ∼80-nm layer of carbon was also 
detected by XPS depth profiling. 
The elemental depth profile obtained by XPS of the unpolished side of the stainless steel 304 exposed 
in the GEER for 42 days is shown in Figure 25. Although the unpolished side of the stainless steel sample 
was too rough for an accurate depth profile XPS measurement, it exhibited the presence of 2.5- to 3-µm-
thick iron oxide scale. The thickness of the scale measured by XPS is the same within the experimental 
uncertainty as that measured by electron microscopy shown in Figure 17 (inner layer 0.84±0.10 µm plus 
outer layer 1.56±0.13 µm totaling 2.40±0.16 µm). 
An Auger depth profile was obtained in a point area (submicrometer) where there were no particulate 
material on the surface of the polished side of the stainless steel 304 exposed to the Venusian atmosphere 
for 42 days (Fig. 26). The analysis detected ∼0.5-µm-thick iron oxide scale on the surface and ∼0.1-µm-
thick nickel sulfide scale at the interface between the base of the alloy and the iron oxide scale. The total 
thickness of the scale (∼0.6 µm) measured by this technique is consistent with that measured by XPS 
analysis (∼0.7 µm). Furthermore, no scale on this sample was detected by electron microscopy at 8000× 
(Fig. 16), which is related to the much higher surface sensitivity of the Auger technique. The slight 
difference between the thickness measured by XPS and Auger is due to the size of the areas of analysis, 
which covered different topographies. XPS probed a 200-µm-spot size, which included particulates and 
scales, whereas Auger probed a submicrometer point area where no particulate material or oxide scale 
was observed by electron microscopy. 
The elemental depth profile obtained by Auger of the unpolished side of the stainless steel 304 
exposed in the GEER for 42 days is shown in Figure 27. The point area probed by the Auger analysis 
where there was no particulate material on the surface is shown in the image insert. From the surface to 
the base of the alloy, the profile clearly shows the formation of carbon (∼0.02 µm), iron oxide 
(∼0.05 µm), chromium oxide (∼0.6 µm), nickel sulfide and oxide (∼0.4 µm), and chromium carbide 
(∼0.2 µm) at the interface. The total thickness of the scale (∼0.8 µm) measured by Auger in a point area 
(submicron) with no particles corresponds to the first layer of the scale measured by electron microscopy, 
which is 0.8 µm thick (Fig. 17). The particles on this sample are actually scales/oxides that grew faster on 
some areas than others giving a different topography as observed in the images of the surface of the 
samples inserted in the Auger and XPS graphs. This different topography is better observed in the cross-
sectional SEM image of Figure 17.  
Another Auger depth profile was carried out in a point area where there was particulate material on 
the surface of the unpolished side of the stainless steel 304 exposed to the Venusian atmosphere for 
42 days (Fig. 28). The Auger depth profile confirms that the particles are composed of iron oxide. The 
total thickness of the scale measured by Auger spectroscopy (>2.0 µm) corroborates well with that 
measured by electron microscopy shown in Figure 17 (∼2.40±0.16 µm). 
The cross-sectional SEM and BSE images of the stainless steel 316 samples that were unexposed and 
exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 29 to 31. As 
observed in Figures 30 and 31, a double-layered scale was formed in the surface of the stainless steel 316 
samples exposed to the Venusian atmosphere. The outer layers of the samples exposed for 10 and 42 days 
are 8±2 and 16±1 µm thick, respectively. These outer layers are porous and they are irregular, or rough. 
The inner layers are 4.8±0.6 and 9.2±0.2 µm thick in the samples exposed for 10 and 42 days, 
respectively. They are dense, well bonded to the alloy, and free of porosity. Figures 30(a) and 31(a) 
indicate that indeed the outer layer is composed of two phases. These phases stand out even more in the 
BSE images in Figures 30(b) and 31(b). The cross-sectional image obtained by focused ion beam (FIB) in 
Figure 32 shows that the grains in the outer layer are formed by trapezoid-like dense stacked platelets. 
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The elemental analyses of the stainless steel 316 samples exposed to the Venusian atmosphere in the 
GEER for 10 and 42 days are shown in Figures 33 and 34, respectively, and the weight percentage of the 
elements are presented in Tables 6 and 7, respectively. High contents of oxygen (26.2 and 27.5 wt%) and 
iron (67.9 and 72.5 wt%) were detected by EDS elemental analysis in the metal oxide outer layer formed 
in the 316 sample exposed in the GEER for 10 and 42 days. The inner layer formed in the sample exposed 
for 10 days is mainly composed of iron (21.1 wt%), chromium (34.7 wt%), and oxygen (27.7 wt%). High 
contents of nickel (51.7 wt%) and sulfur (37.5 wt%) were detected in the secondary phase (location II, 
Fig. 31(b)) formed in the outer layer of the sample exposed for 42 days. For the inner metal oxide layer in 
the 316 sample (location III, Fig. 31(b)) high contents of chromium (34.8 wt%), iron (27.7 wt%), and 
oxygen (26.9 wt%) were detected by EDS analysis. There are also small amounts of sulfur (4.1 and 
1.1 wt%) present in the inner and outer layers, respectively, of the sample exposed for 10 days. Large 
amounts (37.5 and 7.3 wt%) are present in the corresponding layers of the sample exposed for 42 days. 
X-ray elemental mappings in Figures 35 and 36 confirm that inner layers are chromium and oxygen 
rich whereas the outer layers are rich in iron and oxygen. Figures 35 and 36 also show that the secondary 
minor phases present in the outer layer are rich in sulfur and molybdenum. Since the Kα line of sulfur and 
Lα line of molybdenum overlap, XRD analysis was performed on the sample exposed for 42 days in 
order to elucidate the presence of these elements by crystalline-phase identification (see the XRD 
discussion below). From EDS, elemental mapping, and XRD and according to the studies of stainless 
steel alloys reported in the literature, we can conclude that outer layers are mainly composed of iron oxide 
and the inner layers composed of iron, chromium oxide. The presence of sulfur dioxide and its small 
abundance in the supercritical fluid leads to the formation of small amounts of sulfides in the inner and 
outer layers as confirmed by XRD analysis (Fig. 37). The formation of a dense, protective layer of 
chromium-rich oxide at the base of the alloy is desirable since it improves oxidation resistance and 
protects the alloy against carbon (from the CO2) diffusion into the alloy and formation of carbides. 
The cross-sectional FIB image of the stainless steel 316 samples after exposure to the Venusian 
atmosphere in the GEER for 10 days is shown in Figure 32. As observed in Figure 32, a double-layered 
scale was formed in the surface of the 316 sample exposed to the Venusian atmosphere in the GEER for 
10 days, which corroborates well with those images obtained by SEM. 
The XRD patterns of the 316 stainless steel samples that were unexposed and exposed in the GEER 
for 42 days are shown in Figure 37. Only two γ austenite (γ-Fe, PDF card 98-001-3668 and γ*-Fe, PDF 
card 98-000-6230) phases were detected by XRD analysis in the sample unexposed in the GEER. These 
phases have the same space group Fm3m and have the same cubic symmetry and only differ in their unit 
cell volumes (γ-Fe = 46.6 Å and γ*-Fe = 43.0 Å). Magnetite (Fe3O4, PDF card 01-080-6402, cubic 
symmetry), chromium iron oxide (PDF card 04-005-8771, tetragonal symmetry), and nickel sulfides 
(NiS, PDF card 98-001-9442, hexagonal symmetry, and PDF card 98-001-5653, rhombohedral 
symmetry) phases were detected in the stainless steel sample exposed in the GEER for 42 days by XRD 
analysis in addition to the γ and α phases.  
The elemental depth profile obtained by XPS of the stainless steel 316 unpolished surface exposed in 
the GEER for 10 days is shown in Figure 38. The 316 sample exhibited a thick layer (>1.8 µm) of iron 
oxide with trace amounts of other elements (Fig. 38). The XPS profile was stopped at the depth of 
1.8 µm, although the total thickness of the scale measured by electron microscopy is 13±2 µm (Fig. 30). 
Carbon is also detected by XPS on the first layer formed on this sample. 
The cross-sectional SEM and BSE images of the stainless steel 310 samples that were unexposed and 
exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 39 to 41. 
Figure 40 shows that a double-layered scale was formed in the surface of the 310 samples exposed to the 
Venusian atmosphere in the GEER for 10 days and is clearly noticed in the BSE image of Figure 40(b). 
The outer and inner layers of the sample exposed for 10 days, are 1.3±0.2 µm and 0.6±0.1 µm thick, 
respectively. The inner layer of the sample exposed for 10 days exhibits high porosity. The scale formed 
on the surface of the sample exposed for 42 days apparently (Fig. 41) consists of only one layer and is 
3.7±0.2 µm thick. The high porosity of the scale formed on 310 is undesirable for its oxidation resistance.  
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The elemental analyses of the stainless steel 310 exposed for 10 and 42 days are shown in Figures 42 
and 43, respectively, and the weight percentage of the elements are presented in Tables 8 and 9, 
respectively. High contents of oxygen (18.0 wt%), sulfur (14.0 wt%), nickel (16.1 wt%), and iron 
(42.1 wt%) were detected by EDS elemental analysis in the outer layer formed in the 310 sample exposed 
in the GEER for 10 days. The inner layer exhibits high contents of oxygen (18.0 wt%), iron (33.3 wt%), 
and chromium (28.7 wt%). There is also a small amount of sulfur (5.5 wt%) present in the inner layer. 
The scale formed on the 310 exposed for 42 days exhibits high contents of oxygen (16.5 wt%), iron 
(59.3 wt%), and nickel (12.6 wt%). Sulfur was also detected in small amounts (7.7 wt%) in this scale. 
From the X-ray elemental mappings in Figures 44 and 45, the scale formed on the stainless steel 310 
exposed for 10 and 42 days exhibits some localized or rich areas of sulfur and nickel whereas the oxygen- 
and iron-rich areas of the outer layer are homogenous. It is also observed in Figures 44 and 45 that the 
outer layers are iron rich while the inner layers are iron and chromium rich. XRD analyses (discussed 
later in this section) give more detailed information about the crystalline phases present in these layers.  
The XRD patterns of the of the 310 stainless steel samples that were unexposed and exposed in the 
GEER for 42 days are shown in Figure 46. In addition to the Fe-Ni alloy crystalline phase (Fe3Ni2, PDF 
card 03-065-5131, cubic symmetry) detected by XRD, magnetite (Fe3O4, PDF card 01-078-3149, 
monoclinic symmetry) and nickel sulfide (PDF card 03-065-3419, hexagonal symmetry) formed on the 
base of the alloy after exposure. Only the Fe-Ni phase was detected by XRD in the unexposed sample. 
The cross-sectional SEM and BSE images of the 1018 carbon steel samples that were unexposed and 
exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 47 to 49. The 
double-layered scale formed in the exposed samples are separated and porous. In addition to porosity, the 
inner layer of the sample exposed for 10 days exhibited cracks and is slightly detached from the alloy. 
The outer and inner layers of the sample exposed for 10 days are 23±3 and 14.0±0.9 µm thick, 
respectively. The outer and inner layers of the sample exposed for 42 days are 42±3 and 22.8±0.9 µm 
thick, respectively. From the BSE images in Figures 48(b) and 49(b) it is evident that the two layers on 
the 1018 steel sample are a single phase, which is confirmed to be magnetite (Fe3O4) by XRD analysis. 
The thick scale is the result of rapid weight gain and growth of the double-layered scale. Considering the 
detrimental aspects (rapid scale growth, cracks, porosity, and the double layer not being well bonded to 
the alloy) found in the exposed 1018 steel, we can conclude that 1018 steel is not appropriate for this 
supercritical environment. 
The elemental analyses are shown in Figures 50 and 51, and the weight percentage of each element in 
the layers is presented in Tables 10 and 11. The amounts of the elements measured by EDS analysis of the 
layers formed on the 1018 steel sample exposed for 10 days are slightly different from each other: sulfur, 
1.3 wt% in outer layer and 2.7 wt% in inner layer; oxygen, 25.1 wt% in outer and 25.7 wt% in inner; and 
iron, 70.8 wt% in outer and 67.8 wt% in inner. EDS analysis detected oxygen (24.4 wt%), sulfur 
(5.5 wt%), and iron (67.7 wt%) in the inner layer of the 1018 steel sample exposed for 42 days. Sulfur 
was not detected by EDS analysis in the outer layer; however, high contents of iron (71.9 wt%) and 
oxygen (27.7 wt%) were detected in the outer layer. 
The X-ray elemental mappings in Figures 52 and 53 show that the inner and outer layers of the 1018 
steel samples exposed for 10 and 42 days are iron and oxygen rich whereas their interfaces are sulfur rich. 
The distribution of iron and oxygen in the inner and outer layers is homogenous. 
The XRD patterns of the 1018 steel samples that were unexposed and exposed in the GEER for 
42 days are shown in Figure 54. XRD detected only magnetite (Fe3O4, PDF card 01-080-6402, cubic 
symmetry) on the base of the alloy after exposure in the GEER in addition to α ferrite (PDF card  
04-014-0258).  
Figures 55 to 57 show the cross-sectional SEM and BSE images of the alloy G30 samples that were 
unexposed and exposed to the Venusian atmosphere in the GEER for 10 and 42 days. The formation of a 
double-layered scale is also observed on the alloy G30. This double-layered scale is also slightly porous, 
as indicated in Figures 56 and 57. The thickness of the outer layers of the samples exposed for 10 and 
42 days are 1.4±0.2 and 1.7±0.2 µm, respectively. These outer layers are very irregular and rough and are 
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missing in some areas. This may be due to spallation. The inner layers are 0.49±0.01 and 0.65±0.04 µm 
thick for the samples exposed for 10 and 42 days, respectively, and are slightly uniform along with the 
surface of the alloy. The BSE images in Figures 56(b) and 57(b) reveal that the double-layered scales 
formed on the G30 alloys are composed of two distinct crystalline phases. The porosity in the double-
layered scale and the missing of material from the outer scale are not desirable for improving oxidation 
resistance of the alloy G30. 
The EDS elemental analyses of the alloy G30 samples are shown in Figures 58 and 59, and the weight 
percentage of the elements are presented in Tables 12 and 13. The outer layer of the sample exposed for 
10 days exhibits high contents of nickel (30.5 wt%), iron (12.9 wt%), and sulfur (32.6 wt%), while the 
inner layer has high contents of chromium (32.6 wt%), Ni (11.4 wt%), Mo (11.5 wt%), iron (7.3 wt%), 
oxygen (15.6 wt%), and sulfur (9.9 wt%). In case of the sample exposed for 42 days, its outer layer 
exhibits high contents of nickel (50.8 wt%) and sulfur (29.8 wt%), and the inner layer has high contents 
of chromium (31.4 wt%), Ni (8.2 wt%), Mo (11.9 wt%), oxygen (20.6 wt%), and sulfur (10.3 wt%). 
The X-ray elemental mappings in Figures 60 and 61 show that the outer layers formed on the alloy 
G30 are iron-, nickel-, molybdenum-, and sulfur-rich, while the inner layers are rich in oxygen, iron, and 
chromium. Since the Kα line of sulfur and Lα line of molybdenum overlap, XRD analysis was carried 
out on the G30 alloy sample exposed for 42 days to reveal the crystalline phases present in the double-
layered scale. 
The XRD patterns of the G30 alloy samples that were unexposed and exposed in the GEER for 
42 days are shown in Figure 62. Nickel sulfide (PDF card 00-050-1791, hexagonal symmetry), iron nickel 
sulfide (PDF card 04-002-6332, hexagonal symmetry), and magnetite (FeCr2O4, PDF card 98-000-0161, 
cubic symmetry) were detected by XRD on the base of the alloy after exposure in the GEER in addition 
to the chromium-iron phase (PDF card 04-004-8469, cubic symmetry). 
The cross-sectional SEM and BSE images of the alloy 625 samples that were unexposed and exposed 
to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 63 to 65. This alloy 
also exhibits the formation of a double-layered scale with low porosity. The outer layers are 2.1±0.3 and 
3.8±0.2 µm thick, and the inner layers are 1.3±0.3 and 1.5±0.2 µm thick for the samples exposed for 
10 and 42 days, respectively. Both layers are relatively dense, irregular, and rough following the pattern 
of the surface of the alloy samples. It is also clear from the BSE images (Figs. 64(b) and 65(b)) that the 
double-layered scale is formed by two crystalline phases.  
The elemental analyses are shown in Figures 66 and 67, and the weight percentage of the elements 
are presented in Tables 14 and 15. The major constituents of the outer layer are nickel (55.0 wt% for 
10 days exposure and 58.9 wt% for 42 days) and sulfur (34.1 wt% for 10 days and 34.5 wt% for 42 days), 
and those of the inner layer are Mo (33.7 wt% for 10 days and 30.7 wt% for 42 days), Cr (25.9 wt% for 
10 days and 26.7 wt% for 42 days), and oxygen (23.6 wt% for 10 days and 20.8 wt% for 42 days). Small 
amounts of other elements are also present in the inner layer and outer layers.  
The X-ray elemental mappings in Figures 68 and 69 confirm that the outer layers are nickel- and 
sulfur-rich whereas the inner layers are rich in chromium and oxygen. It can also be observed in the 
elemental mappings that the outer layers are rich in molybdenum. Since the Kα line of sulfur and the Lα 
line of molybdenum overlap, XRD analyses were carried out in the samples exposed for 42 days to reveal 
the crystalline phases present in the double-layered scale. 
The XRD patterns of the alloy 625 samples that were unexposed and exposed in the GEER for 
42 days are shown in Figure 70. Nickel sulfides (NiS, PDF card 98-000-0308, hexagonal symmetry and 
Ni53S54, PDF card 98-001-1778, hexagonal symmetry), nickel molybdenum oxide (PDF card 00-016-
0291, monoclinic symmetry) and chromite (PDF card 98-000-0161, cubic symmetry) were detected by 
XRD on the base of the alloy after exposure in the GEER in addition to the chromium nickel phase 
(PDF card 04-004-8469, cubic symmetry). 
The cross-sectional SEM and BSE images of the β-NiAl alloy samples that were unexposed and 
exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 71 to 73. 
Figures 72 and 73 show no clear scales on the β-NiAl alloy samples exposed for 10 and 42 days. 
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Figures 72 and 73 also indicate that mounting material is detached from the sample and that the surfaces 
of the samples are irregular, which is related to the surface roughness of the samples before exposure. 
The elemental analyses are shown in Figures 74 and 75, and the weight percentage of the elements 
are presented in Tables 16 and 17. EDS elemental analysis performed on the surface of the β-NiAl alloy 
sample exposed for 10 days (Fig. 72(a)) revealed the presence of high contents of oxygen (23 wt%) and 
fluorine (19.5%) and a low content of sulfur (3.7 wt%) besides the main constituents of this alloy. The 
surface of the sample exposed for 42 days (Fig. 73(a)) exhibited only the presence of a high content of 
oxygen (7.9 wt%) besides the constituents of this alloy. Spot EDS analyses were performed on area I in 
Figures 72(a) and 73(a) for the surface and area II for the bulk of the alloy.  
The X-ray elemental mapping in Figures 76 and 77 show that the distribution of the main elements 
(Ni and Al) is homogeneous throughout the bulk of the samples exposed for 10 and 42 days in the GEER. 
Areas at the edge of the surface of the β-NiAl alloy sample exposed for 10 days (Fig. 72) are rich in 
aluminum, sulfur, oxygen, and fluorine (Fig. 76).  
The XRD patterns of the β-NiAl samples that were unexposed and exposed in the GEER for 42 days 
are shown in Figure 78. Only nickel sulfide (PDF card 00-012-0041, hexagonal symmetry), in addition to 
the aluminum nickel phase (PDF card 03-065-3199, cubic symmetry), was detected by XRD on the base 
of the alloy after exposure in the GEER. 
Figures 79 to 81 are cross-sectional SEM and BSE images of the Au wire samples that were 
unexposed and exposed to the Venusian atmosphere in the GEER for 10 and 42 days. Although the Au 
wire samples show some porosity, scales or microstructural changes are not observed on these samples 
(Figs. 80 and 81), as expected since Au is inert to oxygen. 
The elemental analysis is shown in Figure 82 and the weight percentage of the elements are presented 
in Table 18. Composition changes were not detected by EDS analysis on the Au wire sample exposed in 
the GEER for 10 and 42 days.  
The X-ray elemental mapping in Figure 83 shows that the distribution of Au is homogeneous 
throughout the bulk of the sample exposed for 10 days in the GEER.  
XPS analysis of the gold wire surface (Table 19) detected Ni, Cl, Ca, Na, O, and S that were soluble 
in deionized water. In addition to these elements, XPS analysis detected an organic (C, O, and F) layer on 
the gold wire surface, which was apparently not soluble in water. 
3.3.2 Coatings on Carbon and Austenitic Steels 
The cross-sectional SEM and BSE images of the unexposed 304 stainless steel samples coated with 
4YSZ and after exposure to the Venusian atmosphere in the GEER for 10 and 42 days are shown in 
Figures 84 to 87. The thickness of the 4YSZ coatings on 304 are 138±8 µm for the unexposed sample, 
and 114±11 and 188±7 µm after the exposure in the GEER for 10 and 42 days, respectively. The air 
plasma spray deposition process itself might have led to uneven coating thickness on the substrates. The 
cross-sectional SEM images (Figs. 86 and 87) show no presence of oxidation products in the interface 
between the 4YSZ coating and the base of the alloy even though the coating is porous and has high 
oxygen vacancy concentration. Figures 84 to 87 show that coating is well bonded to the base of the alloy 
(substrate), except for the sample exposed in the GEER for 10 days. The preparation and polishing of the 
sample for SEM analysis might have caused the detachment of the coating from the substrate. 
The elemental analyses of the 4YSZ-coated 304 stainless steel samples that were unexposed and 
exposed in the GEER for 10 and 42 days are shown in Figures 88 to 90, and the weight percentages of the 
elements are presented in Tables 20 to 22. EDS elemental analysis of the 4YSZ coating of the exposed 
samples (Figs. 89(b) and 90(b)) detected only the main constituents of this alloy (Fe: 72.2 wt%, Cr: 
17.2 wt%, and Ni: 8.8 wt% for 10 days exposure and Fe: 73.4 wt%, Cr: 18.2 wt%, and Ni: 8.4 wt% for 
42 days exposure) and of the yttria-stabilized coating (Zr: 86.2 wt%, Y: 1.8 wt%, and O: 3.2 wt% for 
10 days exposure and Zr: 70.2 wt%, Y: 15.6 wt%, and O: 14.2 wt% for 42 days exposure). 
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The X-ray elemental mappings of 4YSZ-coated 304 stainless steel coupon exposed in the GEER for 
10 and 42 days in Figures 91 and 92 show that the distribution of the main elements in the bulk (Fe, Cr, 
and Ni) and in the coating (Zr, Y, and O) of the sample exposed in the GEER is homogenous.  
The XRD patterns of the 304 samples coated with 4YSZ that were unexposed and exposed in the 
GEER for 42 days are shown in Figure 93. Only tetragonal YSZ (Zr0.9Y0.1O1.95, PDF card 98-000-0308) 
and monoclinic zirconia (PDF card 00-037-1484) crystalline phases were detected by XRD. The depth 
penetration of the X-rays were not enough to reach the substrate, so no other crystalline phases were 
detected underneath the YSZ coating. 
The cross-sectional SEM and BSE images of the 316 stainless steel samples coated with 4YSZ 
unexposed and after exposure to the Venusian atmosphere in the GEER for 10 and 42 days are shown in 
Figures 94 to 97. The thickness of the 4YSZ coatings on 316 are 144±5 for the unexposed sample and 
137±9 and 141±10 µm after the exposure in the GEER for 10 and 42 days, respectively. Considering the 
experimental uncertainties, the thickness of the 4YSZ coating on the 316 has not changed after exposure 
in the GEER. The cross-sectional SEM images (Figs. 96 and 97) show no presence of oxidation products 
in the interface between the 4YSZ coating and the base of the alloy even though the coating is porous and 
has a high oxygen vacancy concentration. Figure 94 indicates that there is a missing area of the coating on 
the face of the alloy and Figure 95 shows that the same coating is slighted detached from the base of the 
alloy. The loss and detachment of the coating material might be due to exposure or to sample preparation 
(cutting, mounting, or polishing).   
The elemental analyses of the 4YSZ-coated 316 stainless steel coupons that were unexposed and 
exposed in the GEER for 10 and 42 days are shown in Figures 98 to 100 and the weight percentages of 
the elements are presented in Tables 23 to 25. EDS elemental analysis of the 4YSZ coating of the exposed 
samples detected only the main constituents of this alloy (Fe: 22.8 wt%, Cr: 6.2 wt%, and Ni: 3.3 wt% for 
10 days exposure and Fe: 69.3 wt%, Cr: 16.3 wt%, and Ni: 10.7 wt% for 42 days exposure) and of the 
4YSZ coating (Zr: 35.7 wt%, Y: 1.8 wt%, and O: 0.9 wt% for 10 days exposure and Zr: 78.5 wt%, 
Y: –65.7 wt%, and O: 15.0 wt% for 42 days exposure). 
The X-ray elemental mapping of the 4YSZ-coated 316 stainless steel coupons in Figures 101 and 102 
show that the distribution of the main elements in the bulk (Fe, Cr, and Ni) and in the coating (Zr, Y, and 
O) of the samples exposed for 10 and 42 days in the GEER is homogenous.  
The XRD patterns of the stainless steel 316 samples coated with 4YSZ that were unexposed and 
exposed in the GEER for 42 days are shown in Figure 103. Only tetragonal yttria-stabilized zirconia 
(Zr0.9Y0.1O1.95, PDF card 98-000-0308) and monoclinic zirconia (PDF card 00-037-1484) crystalline 
phases were detected by XRD on these. The depth penetration of the X-rays was not enough to reach the 
substrate, so no crystalline phases were detected underneath the YSZ coating. 
The cross-sectional SEM and BSE images of the 1018 steel samples coated with 4YSZ unexposed 
and after exposure to the Venusian atmosphere in the GEER for 10 and 42 days are shown in Figures 104 
to 107. The average thicknesses of the 4YSZ coatings are 76±2 for the unexposed samples and 66±2 and 
130±5 µm for the samples exposed for 10 and 42 days, respectively. These differences may be due to 
deposition processes that resulted in uneven deposition of 4YSZ material. Figures 106 and 107 show that 
a secondary phase formed between the 4YSZ coating and the base of the alloy. This phase has 
interdiffused through the pores of the 4YSZ coating. The detachment of the 4YSZ seen in Figure 107 is 
probably due to sample mounting in the Polyfast material and polishing. 
The elemental analyses of the 4YSZ-coated 1018 steel sample exposed in the GEER are shown in 
Figures 108 to 110, and the weight percentage of the elements are presented in Tables 26 to 28. EDS 
elemental analysis of the 4YSZ-coated 1018 steel sample exposed for 10 days (Fig. 106) detected the 
main constituents of this alloy (Fe: 98.1 wt% and C: 1.9 wt% for 10 days exposure and Fe: 90.4 wt% and 
C: 9.6 wt% for 42 days exposure) and of the yttria-stabilized coating (Zr: 35.7 wt%, Y: 1.8 wt%, and 
O: 0.9 wt% for 10 days exposure). 90.7 wt% iron and 7.2 wt% oxygen were detected in the secondary 
phase of the sample exposed for 10 days. In addition to the elements listed here, EDS analysis detected 
the presence of 13.4% sulfur in the inner layer formed between the base of the alloy and the 4YSZ coating 
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in the sample exposed for 42 days. The secondary phases in Figures 106 and 107 are likely iron oxides. 
Small amounts of iron sulfide may also be formed in the inner layer of the sample exposed for 42 days. 
The X-ray elemental mappings of 4YSZ-coated 1018 steel samples exposed for 10 and 42 days in 
Figures 111 and 112, respectively, show that the distribution of the main elements in the bulk (Fe and C) 
of the sample exposed for 10 days in the GEER is homogenous. They also show that the interface area 
between the coating and the base of the alloy as well as the pores of the coating are iron and oxygen rich. 
Figure 112 also shows sulfur in the inner layer.  
The XRD patterns of the 1018 samples coated with 4YSZ that were unexposed and exposed in the 
GEER for 42 days are shown in Figure 113. Only tetragonal yttria-stabilized zirconia (Zr0.9Y0.1O1.95, 
PDF card 98-000-0308) and monoclinic zirconia (PDF card 00-037-1484) crystalline phases were 
detected by XRD on these samples. The depth penetration of the X-rays was not enough to reach the 
substrate, so no crystalline phases were detected underneath the YSZ coating. 
The thickness of the SilcoNert and Dursan coatings on stainless steel 304 and 316 samples 
unexposed and exposed to the Venusian atmosphere in the GEER for 10 days and 42 days are presented 
in Table 29 and Figure 114. The images obtained by electron microscopy, elemental analyses, X-ray 
mapping images and XRD patterns of the samples are shown in Figures 115 to 155. The thicknesses of 
the coatings were not the same for unexposed and exposed samples, and no conclusion could be made 
regarding coating thickness changes based on the SEM cross-sectional images. In order to circumvent this 
problem for the 21-day samples, the samples were ion milled and imaged with a FIB for coating thickness 
measurements before exposure in the GEER for 21 days. After exposure, the samples were imaged at the 
same ion-milled area, and the thicknesses of the coatings were measured again. The FIB cross-sectional 
images and the coating thicknesses measured by this technique are discussed next. 
The cross-sectional FIB images of the stainless steel 304 and 316 samples before and after exposure 
to the Venusian atmosphere in the GEER for 21 days are shown in Figures 118, 127, 136, and 148, and 
the thickness of the coatings are presented in Table 30. A slight decrease in thickness of the SilcoNert 
and Dursan coatings took place after the samples were exposed in the GEER for 21 days (Table 30). The 
recession of the coatings may partially be due to crystallization of the amorphous coatings and/or 
diffusion of elements from the alloy to the coating, forming other crystalline phases (see XRD patterns 
below). It is also possible that the low resolution of the images at the edges of the coatings added more 
uncertainty to the coating measurements. The FIB images (Figs. 118, 127, 136, and 148) also show that 
there is no loss of materials or changes in the microstructural morphology of the coatings.  
The elemental analyses of the stainless steels 304 and 316 samples coated with Dursan and 
SilcoNert exposed in the GEER are shown in Figures 119, 120, 128, 129, 138, 139, 149, and 150, and 
the weight percentage of the elements are presented in Tables 31 to 38. EDS elemental analysis of the 
coatings detected mainly silicon and oxygen in the Dursan coating and mainly silicon in the SilcoNert 
coating. The oxygen detected in the Dursan coating is related to the oxygen present in the carboxysilane 
groups. Minor amounts of other elements detected in the coating are due to the beam size (0.5 to 1 µm 
diameter), which is larger than the thickness of the coatings. In addition to the elemental constituents of 
the alloys, no other elements or significant changes in the composition were detected in the samples 
except for the 316 sample coated with Dursan exposed for 42 days in the GEER: A 1.09±0.06-µm-thick 
layer composed of iron and chromium oxides was found to be formed between the Dursan coating and 
the base of the alloy. A small amount of sulfur (4.5 wt%) was also detected on the surface of this coating. 
The X-ray elemental mapping of the stainless steels 304 and 316 samples coated with SilcoNert and 
Dursan exposed in the GEER for 10 and 42 days (Figs. 121, 122, 130, 131, 140, 141, 151, and 152) 
shows that the distribution of the main elements in the bulk and in the coating of the samples exposed for 
10 and 42 days in the GEER is homogenous.  
The XRD patterns of the unpolished side of the 304 stainless steel samples coated with Dursan that 
were unexposed and exposed in the GEER for 42 days are shown in Figure 123. Only γ austenite 
(PDF card 04-014-0264) and α ferrite (PDF card 04-014-0258) phases were detected by XRD analysis in 
the sample that was unexposed in the GEER. Iron silicon oxide (Fe2.95Si0.05O4, PDF card 00-052-1140) 
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phase was detected by XRD analysis on the sample exposed in the GEER for 42 days in addition to the γ 
and α phases. The amorphous silicon-based coatings were too thin to be detected by XRD analysis so 
amorphous humps were not observed in the XRD patterns. 
The XRD patterns of the 316 stainless steel samples coated with Dursan that were unexposed and 
exposed in the GEER for 42 days are shown in Figure 132. Only two γ austenite (γ-Fe, PDF card 04-014-
0264 and γ*-Fe, PDF card 04-014-0258) phases were detected by XRD analysis in the sample unexposed 
in the GEER. Iron silicon oxide (Fe2.91Si0.09O4, PDF card 04-013-7315) and iron nickel silicide 
(Fe0.70Ni0.20Si0.10, PDF card 04-017-2358) crystalline phases were detected by XRD analysis on the 
sample exposed in the GEER for 42 days in addition to the γ and α phases.  
Figure 137 shows the SEM image of the surface of the 304 stainless steel coated with SilcoNert 
exposed in the GEER for 21 days. After exposure, particulate material composed of an iron oxide was 
found on the surface of the sample. The particulate material is the main corrosion product of the inner 
wall of the GEER chamber, which is made of unpolished 304. 
The XRD patterns of the unpolished side of the 304 stainless steel samples coated with SilcoNert 
that were unexposed and exposed in the GEER for 42 days are shown in Figure 142. Only γ austenite 
(PDF card 04-014-0264) and α ferrite (PDF card 04-014-0258) phases were detected in the sample that 
was unexposed in the GEER. Two iron silicide (Fe3Si, PDF card 00-042-1329 and FeSi, PDF card 
04-006-7758) crystalline phases were detected on the sample exposed in the GEER for 42 days in 
addition to the γ and α phases.  
The elemental depth profiles obtained by XPS of the polished side of the stainless steel 304 coated 
with SilcoNert before and after exposure in the GEER for 21 days are shown in Figure 143. The two 
rectangular dark areas shown in the image inserted in Figure 143(b) are the areas sputtered and probed by 
the XPS analysis. XPS analysis on the sample before exposure (Fig. 143(a)) going from surface to bulk 
showed a thin coating of carbon and oxygen on the surface, followed by a 700-nm-thick layer of silicon 
on top of the 304 from the SilcoNert coating. There is evidence for an iron or chromium oxide at the 
coating/steel interface, suggesting that the metal surface had not been stripped clean of oxide prior to the 
coating deposition. After exposure for 21 days (Fig. 143(b)), XPS analysis showed a thin layer of silicon 
oxide on the surface, followed by the original 700-nm layer of silicon coating. There was some reaction 
of the silicon from the coating with the iron and chromium of the steel at the interface; however, there 
was no evidence of Venus gas penetration into the bulk.  
The elemental depth profile obtained by XPS of the stainless steel 304 coated with Dursan exposed 
in the GEER for 21 days is shown in Figure 144. The rectangular bright area shown in the image inserted 
in Figure 144(b) is the area sputtered and probed by the XPS analysis. Before exposure, a 700-nm layer of 
the silicon, oxygen, and carbon from the Dursan coating was found on the surface with evidence, once 
again, for a thin layer of residual metal oxide at the coating/steel interface. After exposure, XPS shows a 
decrease in the carbon concentration within the Dursan coating as well as some tailing of oxygen into 
the steel substrate.  
The XRD patterns of the unpolished side of the 316 stainless steel samples coated with SilcoNert 
that were unexposed and exposed in the GEER for 42 days are shown in Figure 153. The γ austenite 
(γ-Fe, PDF card 04-014-0264, γ*-Fe, PDF card 04-014-0258), silicon (Si, PDF card 98-001-9304), and 
dickite (Al2Si2O5(OH)4, PDF card 00-058-2002) phases were detected on the unexposed sample in the 
GEER. Two iron silicide (Fe3Si, PDF card 00-042-1329 and FeSi, PDF card 04-006-7758) crystalline 
phases were detected on the sample exposed in the GEER for 42 days in addition to the γ and silicon (Si) 
phases.  
The elemental depth profiles obtained by XPS of the stainless steel 316 coated with SilcoNert before 
and after exposure in the GEER for 21 days are shown in Figure 154. The two rectangular dark areas 
shown in the image inserted in Figure 154(b) are the areas sputtered and probed by the XPS analysis. The 
depth profile of the unexposed sample (Fig. 154(a)) shows a thin surface layer of carbon and oxygen on 
the surface, and underneath is a ∼700-nm layer of silicon from the SilcoNertcoating, followed by the 
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elements from the bulk composition of the 304 steel. A fairly sharp interface exists between the coating 
and steel. For the sample exposed for 21 days, Figure 154(b) indicates that the surface and the silicon 
coating layers still have approximately the same thickness and composition as those of the unexposed 
sample (Fig. 154(a)); however, there is evidence for reaction occurring between the silicon coating and 
the iron, nickel, and possibly some residual oxygen from the 316 steel in a third layer at the interface 
∼900 nm thick.  
The elemental depth profile obtained by XPS of the stainless steel 316 coated with Dursan, exposed 
in the GEER for 21 days, is shown in Figure 155. The rectangular bright area shown in the image inserted 
in Figure 155(b) is one of the areas sputtered and probed by the XPS analysis. Before exposure, the 
silicon, oxygen and carbon from the Dursan coating layer (∼325 nm thick) can be seen on top of the 
316 steel. The coating/metal interface of this sample is slightly broadened because of the roughness of the 
initial metal surface. After exposure, obvious reaction has taken place between the Dursan coating and 
the metal under the layer. Figures 155(a) and (b) show the oxygen and silicon from the coating have 
reacted with the iron from the steel and the amount of carbon has decreased. There is also evidence of 
metal sulfide at the coating/steel interface, suggesting penetration of the Venus gases through the Dursan 
coating.  
The cross-sectional SEM and BSE images of the 304 stainless steel samples coated with porcelain 
that were unexposed and exposed to the Venusian atmosphere in the GEER for 10 and 42 days are shown 
in Figures 156 to 158. The thickness of the porcelain coating on 304 decreased from 216±3 µm to 
185±2 µm and 150±2 µm after exposure in the GEER for 10 and 42 days, respectively. After 10 days 
exposure the porcelain coating thickness decreased 31±4 µm although this sample exhibited a weight gain 
per area of 0.09±0.01 mg·cm–1. Note that the cross-sectional SEM images (Figs. 156 to 158) show the 
porcelain coating is porous and has cracks.  
The elemental analyses of the porcelain-coated 304 stainless steel coupon exposed in the GEER for 
10 and 42 days are shown in Figures 159 and 160, and the weight percentage of the elements are 
presented in Tables 39 and 40. EDS elemental analysis of the porcelain coating and of the bulk of the 
exposed 304 samples (Figs. 157 and 158) detected only the main constituents of these materials. For the 
10-day exposure, 39.0 wt% Si, 8.3 wt% Ca, 3.1 wt% Zn, 2.3 wt% K, and 2.1 wt% Al was detected for the 
porcelain coating. Also, 67.3 wt% Fe, 27.8 wt% Cr, and 5.4 wt% Ni was detected for the 304 steel. For 
the 42-day exposure, 31.1 wt% Si, 7.9 wt% Ca, 1.3 wt% K, and 0.8 wt% Zn was detected for the 
porcelain coating, and 67.5 wt% Fe, 16.6 wt% Cr, and 7.5 wt% Ni was detected for the 304 steel. 
Figure 161 shows the XRD patterns of the unpolished side of the 304 stainless steel samples coated 
with porcelain that were unexposed and exposed in the GEER for 42 days. Muscovite 
(K0.5Al2.5Si3.5O10(OH)2, PDF card 04-013-3002), larnite (Ca2SiO4, PDF card 00-009-0351), and 
microcline (KAlSi3O8, PDF card 01-070-6187) crystalline phases and an amorphous phase were detected 
on the unexposed sample in the GEER. Silica (SiO2, PDF card 01-073-3460) crystalline phase were 
detected on the sample exposed in the GEER for 42 days as well as those phases detected in the 
unexposed sample.  
3.3.3 Ceramics 
The cross-sectional SEM and BSE images of the ceramic samples α-Al2O3, Si3N4, SiC, and 
amorphous SiO2 that were unexposed and exposed to the Venusian atmosphere in the GEER for 10 and 
42 days and their respective EDS elemental analyses, X-ray elemental mapping images, and XRD 
patterns are shown in Figures 162 to 185. Microstructural changes such as formation of scales or 
secondary phases, microcracks, flaking, and so forth were not observed for any of the ceramic materials 
exposed in the GEER for 10 and 42 days. 
EDS elemental analyses of the ceramic samples exposed in the GEER are shown in Figures 165, 175, 
and 182, and the weight percentage of the elements are presented in Tables 41 and 42. EDS elemental 
analysis of the ceramics detected solely their constituent elements.  
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X-ray elemental mapping images of the ceramic samples exposed in the GEER for 10 days, which are 
presented in Figures 166, 167, 170, 176, 177, 184, and 185, show that the distribution of the constituent 
elements in the bulk is homogenous.  
The XRD patterns of the alumina samples that were unexposed and exposed in the GEER for 42 days 
are shown in Figure 168. No additional crystalline phases were detected on the alumina sample after it 
was exposed in the GEER. The crystalline phases detected by XRD in both samples are α-Al2O3 
(corundum, PDF card 04-013-1687), Al3O3.76 (Al3O3.76, PDF card 04-016-0538), hibonite (Ca(Al,Fe)12O19, 
PDF card 00-038-0469), and magnetite (Fe3O4, PDF card 98-000-3110).  
The XRD patterns of the silicon nitride samples that were unexposed and exposed in the GEER for 
42 days are shown in Figure 171. Only α-Si3N4 (PDF card 01-072-1253) crystalline phase was detected 
on the unexposed and exposed samples. 
The XRD patterns of the silicon carbide samples that were unexposed and exposed in the GEER for 
42 days are shown in Figure 178. Only SiC (PDF card 04-010-5699) crystalline phase was detected on 
these samples. 
The XRD patterns of the silica samples that were unexposed and exposed in the GEER for 42 days 
are shown in Figure 185. No crystalline phases were detected on the unexposed or exposed samples. 
The surfaces of the ceramic samples α-Al2O3, Si3N4, and amorphous SiO2 were also probed by 
SEM–EDS in order to characterize the particulate- and fiber-like materials that were found on the 
surfaces of the samples after exposure in the GEER for 42 days. The SEM images of the surface of the 
ceramic samples and their respective EDS elemental analyses are shown in Figures 186 to 193. These 
SEM images indicate that the particulate- and fiber-like materials are loosely collected on the surface of 
the ceramic samples. EDS analysis of the fiber-like material on the alumina sample (Fig. 187) detected 
Fe, Si, Mg, Ca, Ti, Cr, Ni, Al, S, and O as constituent elements. Ca, Mg, Al, Si, and O might be present in 
the fiber-like material as a calcium magnesium aluminum silicate. Ti and Fe can also be present in this 
silicate, or Ti can be in the form of oxides. Fe, Cr, S and O are known to form iron and chromium oxides 
or sulfides that are formed as scales in stainless steel 304 as previously discussed in this work. These 
oxides or sulfides are probably coming from the inner surface of the chamber, which is made of 304. Al 
and O detected by EDS analysis might be from the alumina sample since the beam size could reach the 
alumina sample underneath the fiber as well. EDS analysis of the particulate material on the alumina 
sample detected Fe, Cr, S, and O (Fig. 188). As mentioned, these elements are the constituents of iron 
chromium oxides and sulfides most likely coming from the inner surface of the chamber. 
The particulate- and fiber-like materials found on Si3N4 (Fig. 189) that were analyzed by EDS 
(Figs. 190 and 191) consist of Fe, Si, Al, Ti, Na, K, Ca, S, and O. This elemental composition is similar to 
the fiber-like material found on the alumina samples, except that there are two additional detected 
elements (Na and K). As previously discussed, Fe, O, and S form iron oxides and sulfides and most 
probably are coming from the inner surface of the chamber. Na, K, Mg. Ti, Al, Fe, Si, and O form 
silicates. These elements are usually found in silicate-based materials such as the insulation wool or fibers 
present in the chamber. O, Fe, Mg, Si, S, Ba, Cr, and Fe were detected in the particulate-like material 
collected on the Si3N4 sample as well. These detected elements—including Ba—form silicates as well as 
oxides and sulfites as previously discussed. Si and O detected by EDS analysis might be from the Si3N4 
sample since the beam size would encompass the Si3N4. 
The particulate-like material found on the amorphous silica sample (Fig. 192) that was analyzed by 
EDS (Fig. 193) consisted of O, S, Ni, Fe, and Cr. As previously discussed, Fe, Cr, O, and S form iron and 
chromium oxides and/or sulfides and most probably are coming from the inner surface of the chamber. 
Since the size of the particulate material collected on the silica sample is small (∼2 µm), the electron 
beam reaches the silica sample below and gives a Si signature to the EDS. Thus, Si is probably from both 
the particulates and the substrate.  
The ceramic samples α-Al2O3, SiC, and amorphous SiO2 that showed significant amounts of debris 
(particulate- and fiber-like materials) on their surfaces after exposure in the GEER vessel for 42 days 
were analyzed by XPS, and the elemental composition of their surfaces is given in Table 43. XPS analysis 
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indicates that the debris covering the samples consisted of Na, Ca, Fe, Mn, Ni, S, K, F, Mg, and Cl. The 
elements detected by XPS corroborates with those detected by EDS. Since XPS is a high-sensitivity 
surface analysis technique, it detected additional elements in the debris that were not detected by EDS 
analysis such as Na, Ca, Mn, and K on the surface of the amorphous silica sample and Na, Mn, F, and Cl 
on the surface of the α-Al2O3 sample. However, EDS analysis detected additional elements that are in the 
bulk of the sample such as Cr. XPS analysis was also carried out on the samples after they were sonicated 
in deionized water for 10 min to determine if there might be a reaction between the debris and the bulk of 
the samples. The XPS results are presented in Table 43. XPS analysis indicates that the amorphous SiO2 
sample, which has the smoothest surface, was completely unreacted. Although α-Al2O3 and SiC did not 
show any reaction, elemental impurities were still detected on their surfaces. These elemental impurities 
are most likely present in the materials trapped in the pores of the α-Al2O3 and SiC samples. These 
impurities or particulate-like materials are from the products of corrosion of the inner walls of the GEER 
chamber. 
3.3.4 Sample Holders 
Initially the samples were hung on a stainless steel rod coated with gold for the GEER tests. The gold 
coloration of the coating turned brownish after it was exposed in the GEER for 10 days. SEM and EDS 
analyses were used to probe the chemical and microstructural changes in this gold coating. Figure 194(a) 
shows that the as-fabricated gold coating consists of grains of different sizes with visible grain 
boundaries. These grain boundaries practically disappeared after the rod was exposed in the GEER, 
indicating that sintering occurred (Fig. 194(b)). The cross-sectional SEM image of the rod exposed in the 
GEER for 10 days is shown in Figure 195. Figure 195 shows the gold coating is dense and ∼7 µm thick. 
Ni, Cr, and Fe were detected in the bulk of the rod and in addition to gold, Fe and Ni were also detected in 
the coating. The presence of Fe and Ni in the gold coating means that these species have diffused from the 
bulk of the rod through the grain boundaries of the gold coating. 
The EDS analyses of the gold coating and of the bulk of the rod are shown in Figures 196(a) and (b).  
The cross-sectional SEM and BSE images of the Inconel wire used to hang the samples exposed in 
the GEER for 10 days are shown in Figures 197(a) and (b). This Inconel wire did not exhibit any clear 
formation of scale or an oxide layer, although it did appear tarnished to the naked eye.  
The EDS elemental analyses of the surface and of the bulk of the Inconel wire are shown in 
Figures 198(a) and (b), and the weight percentages of the elements are presented in Table 44. In addition 
to the main constituents of the alloy, oxygen was detected in the bulk and on the surface of the sample. 
Ca, Al, and Si were also detected by EDS analysis on the surface of the wire. 
The X-ray elemental mappings in Figure 199 show that the distribution of the constituent elements 
(Ni, Cr, and Fe) in the wire is homogenous. It was also observed that the distribution of oxygen is 
homogenous throughout the wire, meaning that the entire wire is oxidized. 
4.0 Discussion 
The main products formed on all steels exposed in the GEER for 10 and 42 days are mainly 
composed of double-layered oxides containing minor amounts of sulfides and showing different 
chemistry, microstructure, and crystalline phases. Magnetite (Fe3O4) and nickel sulfides are the main 
phases formed on the base of the steels. Nickel sulfides were the main phases found in the scale formed 
on the nickel-based alloys. The oxide layers are formed from reaction with CO2 in the supercritical fluid 
mixture. The oxidation of the metals in the alloys mainly occurs via conversion of CO2 into CO (see 
Reaction (1)) since carbon was not detected by EDS and XRD analyses (only a nanometric carbon layer 
was detected by XPS and Auger analyses on stainless steels 304 and 316). Sulfides are formed by 
reactions between nickel and SO2 in the supercritical mixture. Usually sulfides are formed at the base of 
the alloys underneath the oxide layer where the oxygen potential is too low (Ref. 15). The formation of 
the competing phases (e.g., Fe3O4 and NiS) in the phase assemblage (metal|metal oxide|supercritical fluid) 
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can be explained in terms of their thermodynamic stability. The thermodynamic stability of some 
preferential compounds formed, assuming that the contribution of kinetics effects are negligible here, can 
be calculated by computational thermochemistry tools. The FactSage free energy minimization program 
and associated databases (Refs. 16 and 17) was the thermochemistry computational tool used to calculate 
the main compounds formed at their thermodynamic equilibrium when the alloy samples are exposed to 
the Venusian gas mixture in the GEER. The initial amounts of the constituents in the Venus gas mixture 
and the initial amounts of iron, chromium, and nickel in the alloys at 467 °C (873 °F) and 92 bar 
(1330 psi) were the input parameters into the free energy minimizer program (Table 45).  
The results of the FactSage calculations are shown in Table 46. For simplicity of the results, only the 
predicted thermodynamically stables compounds having activities equal to 1 are listed in Table 46, and 
their calculated amounts (mol) are omitted here. The compounds presented in Table 46 are listed from the 
highest to the lowest amounts. 
4.1 Austenitic and Carbon Steels  
The predicted thermodynamically stable compounds derived from FactSage are in good agreement 
with phases, elements, and compounds detected by the spectroscopic techniques used in the chemical and 
crystalline identification of the scales formed on the steel alloys. The only exception is for the predicted 
FeS2 that was not detected by XRD analysis, which might be due to the detection limit of this technique. 
Note that for all steels, magnetite is the preferentially crystalline phase formed since it is more stable than 
other iron oxides (e.g., hematite, Fe2O3) in the phase assemblage of the Venus gas mixture and alloy 
samples. It has been observed before by Rouillard et al. (Ref. 1) that scales formed on ferritic-martensitic 
steel T91 (89.0% Fe, 8.6% Cr, 0.2% Ni, and 2.2% others) consist of an inner spinel oxide (Fe3–xCrxO4) 
layer overlaid by magnetite (Fe3O4) after 310 h exposure in supercritical CO2 at 550 °C (1022 °F) and 
250 bar (3626 psi). In case of stainless steel 316L (67.1% Fe, 17.4% Cr, 11.1% Ni, and 4.4% others) at 
the same conditions, the scale consists mainly of chromia or a mixed iron chromium oxide. The 
observations made by Rouillard et al. (Ref. 1) on the chemistry and morphology of the scales and their 
growing process on ferritic-martensitic and austenitic steels corroborates well with other results carried 
out in oxidizing environments (Refs. 18 to 20).  
Qualitatively it is known (Ref. 5) that the oxidation behavior of Fe-Ni-Cr alloys depends on their 
chromium content. Alloys with less than 9% to 12% chromium form a scale consisting of an inner layer 
spinel oxide (Fe3–xCrxO4) layer overlaid by an iron oxide layer, and the scales on alloys with more than 
20% chromium consist of an inner Cr2O3 layer overlaid by spinel oxide (Fe3–xCrxO4). In this study, 
magnetite was detected by XRD analysis on carbon steel 1018 containing 0.09% chromium. The 
detection limit of XRD analysis is approximately 1%, and any spinel phase below this limit would not be 
detected by this technique. Moreover, the crystalline phases detected by XRD might contain other 
elements in the case of solid solution formation such as in the Fe3O4-FeCr2O4 binary system. We can 
conclude that the oxidation behavior of carbon steel 1018 in a Venusian atmosphere is similar to that 
observed by alloys containing less than 9% to 12% chromium (Refs. 21 and 22), even though the 
limitation of XRD only allowed the detection of magnetite.  
The oxidation behavior of the alloys or stainless steels 304, 310, and 316 containing 18.1%, 26%, and 
16.6% of chromium, respectively, is different from that observed in other oxidizing environments as 
described earlier. Here magnetite (Fe3O4) is the main phase detected in the outer layer on the alloys and 
not spinel oxide as previously described. Cr2O3 or Fe3–xCrxO4 could be the phases formed in the inner 
layer of the 304 since Fe, Cr, and O were detected by XPS and Auger spectroscopies at the same depths in 
this sample. In 310 and 316, Cr2O3 was not detected by XRD. EDS analysis on these sample detected Cr, 
Fe, and O, which can be interpreted as chromium oxide and iron oxide or chromium iron oxide. Most 
probably the oxide interpreted from EDS is the one detected by XRD since these techniques work around 
the same detection limit. The preferential formation of hematite (Fe3O4) over spinel oxide (Fe3–xCrxO4) on 
the 304, 310, and 316 strongly depends on the reaction of Ni in the alloys with SO2. The SO2 from the 
Venus gas mixture reacts with Ni forming nickel sulfides. This reaction consumes nickel from the alloys 
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and decreases the Ni/Fe ratio leading to an increase in the iron activity. Thus, at higher activities the 
amount of iron is enough to solubilize in Cr2O3 forming spinel oxide (Fe3-xCrxO4), and the excess Fe will 
readily oxidize to Fe3O4. This is clearly noticed in the experimental results obtained by XRD, EDS, XPS, 
and Auger analyses on the 304, 310, and 316 samples.  
It is well known that the oxidation resistance in the Fe-Ni-Cr alloys increases with the Ni/Fe ratio 
(Ref. 5). The Ni/Fe ratios of stainless steel samples 310, 304, and 316 at a fixed chromium content are 
0.4, 0.11, and 0.14, respectively. Thus, the corrosion resistance of these samples is expected to increase in 
this order. However, in this work the corrosion resistance of the stainless steels increases in the order 
316 < 310 < 304. The unexpected corrosion behavior of 316 could be explained in terms of other 
influential parameters on oxide growth rate rather than the chromium content such as surface finishing, 
grain size, cold working, silicon content, and the small addition of rare-earth elements. Here, the 316 
sample with total surface roughness of 4.78 µm exhibited higher corrosion compared to the 304 sample 
with total surface roughness of 3.57 µm. 
4.2 Nickel-Based Alloys 
The main products of the reactions of the chromium-nickel-iron alloys G30 and 625 exposed in the 
GEER for 10 and 42 days are nickel sulfides in the outer layer and iron and/or chromium oxides in the 
inner layers of the scales. The disagreement between the predicted thermodynamic compounds and the 
phases detected by XRD on nickel-chromium alloys G30 and G625 can be related to either the detection 
limit of this technique or some of the crystalline phases formed on these alloys maybe being isotypic.  
The detected phases and compounds of this study are in good agreement with those predicted by the 
thermodynamic calculations (Table 46). The oxidation behavior of the β-NiAl alloy sample exposed to 
the Venusian gas mixture suggests that alumina formed as a protective scale on this alloy. NiS was also 
formed in this scale, which is a product of the reaction of nickel and sulfur dioxide. The formation of 
the α-Al2O3 protective scale has been noticed before (Ref. 5) as the only reaction product of β-NiAl in 
pure oxygen at 0.1 bar (1.5 psi), which was also noticed in this work. 
4.3 Coatings 
4.3.1 4YSZ 
Although the high porosity and oxygen vacancies of the 4YSZ coating contribute to diffusion of the 
species present in the Venus gas mixture phase, leading to oxidation of the alloy, it significantly improves 
the corrosion resistance of the alloys by providing a CO2 molecule barrier. As clearly noticed in Figures 8 
and 10, the weight gain per area of the 4YSZ-coated alloys is much lower than that of the bare ones. 
Carbon steel coated with 4YSZ was the only sample that had an iron oxide phase form between the 
coating and the base of the alloy after exposure to the Venusian atmosphere in the GEER. 
4.3.2 Porcelain 
The porcelain coating was effective in protecting the stainless steel 304 substrate. Changes in the 
chemistry and formation of scales were not detected by SEM–EDS analysis in the interface between the 
coating and the base of the alloy. The thickness decrease of the porcelain coating after it was exposed in 
the GEER is related to the crystallization of its amorphous phase as shown in the XRD patterns of 
Figure 161. The decrease in the thickness of the porcelain coating is accompanied by a decrease in the 
weight change per area of this sample as noticed in Figure 10 for the sample exposed for 42 days.  
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4.3.3 SilcoNert and Dursan 
SilcoNert coating was effective in protecting the surface of the stainless steels 304 and 316 against 
corrosion of the Venus gas mixture in the GEER. The small decrease of 0.10±0.02 µm in the thickness of 
the SilcoNert coating applied on 304 that was exposed in the GEER for 21 days (Table 6) is related to 
the partial reaction of silicon from the coating with iron from the base of the alloy when exposed to 
temperature of 467 °C (873 °F) in the GEER. These iron silicide crystalline phases were detected by XRD 
analysis on the samples exposed for 42 days. There was no change in the thickness of the coating applied 
on 316 exposed for 21 days in the GEER. The results obtained by XPS analysis corroborate well with 
those obtained by XRD and EDS analyses. From XPS it is concluded that there is only a slight change in 
the atomic concentration of elements at the interface between the SilcoNert coating and the base of the 
alloy for the samples that were exposed for 21 days in the GEER. Dursan was not effective in protecting 
the surface of the samples 304 and 316 against corrosion of the Venus gas mixture in the GEER. This is 
clearly noticed since the constituent of the Venus gas mixture permeated/diffused through the coating and 
reacted with the base of the alloy forming iron and chromium oxides as detected by EDS analysis in the 
sample exposed for 42 days. Small amount of sulfur was detected by EDS analysis on the surface of the 
coating, which are present in a form of rectangular grains as shown in Figure 119. This is most probably 
in the form of iron sulfides, which are products of the reaction between the Venus gas mixture and the 
iron from the base of the alloy.  
4.4 Ceramics 
All the ceramics (α-Al2O3, Si3N4, SiC, and amorphous SiO2) exposed in the GEER for 10 and 42 days 
were unreacted, which is evident from electron microscopy, EDS analysis, and elemental mapping. Future 
work in which ceramic powder exposed to the Venusian atmosphere is needed since the surface area 
might affect the extent of molecular interaction between the chemical species in the supercritical and solid 
phases. 
5.0 Summary of Results 
5.1 Weight Gain Per Area 
The weight-gain-per-area performance of the materials exposed in the GEER are divided into three 
groups and are listed from the lowest to the highest weight gain per area as follows: 
 
1. Group I—Metallic Materials: 
a. Gold did not exhibit any weight change considering the experimental uncertainties. 
b. Nickel-based alloys: β- NiAl < G30 < 625.  
c. Steels: 04 < 310 < 316 < 1018 for 10- and 42-day exposures. 
2. Group II—Coatings: SilcoNert (SilcoTek Co.) < Porcelain < Dursan (SilcoTek Co.) < 4YSZ for 
10- and 42-day exposures. 
3. Group III—Ceramics: Considering the experimental uncertainties, no weight change was noticed for 
all ceramics of this work (α-Al2O3, Si3N4, SiC, amorphous SiO2). 
5.2 Cross Section Characterization, XPS, AES, and XRD Analyses 
1. Steels—A double layer oxide mainly in which the outer layer is magnetite and inner layer is nickel 
sulfide formed on the austenitic steels 304, 310, and 316 exposed in the GEER for 10 and 42 days. 
These oxide layers are formed due to the reaction between CO2 in the supercritical fluid mixture and 
the metals present in the alloy. Other oxide phases were found to form on the base of the austenitic 
steels as well but their abundance is limited by their thermodynamic stability and kinetics. 
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a. 304 Stainless Steel—From XPS analysis, it was found that the major thin layers consist of iron 
oxide and chromium oxide with a thin layer of sulfide formed between these oxides and the alloy 
base. From XRD, it was noticed that magnetite (Fe3O4) and nickel sulfide (Ni0.96S) crystalline 
phases were formed on the 304 stainless steel exposed for 42 days. It is possible that minor 
amounts of other phases such as CrxOy, FexCryOz NixSy, NiO, and CrxCy formed at the interface 
between the oxide scale and the base of the alloy as well. 
b. 310 Stainless Steel—From electron microscopy, EDS analysis, and elemental mapping, the inner 
layer formed on 310 stainless steel sample exposed for 10 and 42 days in the GEER is rich in 
iron, chromium, and oxygen, which can be attributed to the formation of iron and/or chromium 
oxide crystalline phases. XRD analysis only detected magnetite (Fe3O4) and nickel sulfide (NiS) 
on the surface of this alloy. The outer layer formed on this sample is rich in nickel, iron, sulfur, 
and oxygen, which are related to the formation of nickel sulfide and iron oxide phases. Both 
layers are porous and the outer layer exhibited spallation.  
c. 316 Stainless Steel—From electron microscopy, EDS, and elemental mapping, the outer layer 
formed on 316 stainless steel sample exposed for 10 and 42 days in the GEER is porous and is 
rich in iron and oxygen, which can be attributed to the formation of an iron oxide crystalline 
phase. The inner layer of this sample is dense and is rich in iron, chromium, and oxygen, which 
are related to the formation of iron and/or chromium oxide crystalline phases. XPS depth profile 
analysis, only detected iron oxide formed on this sample down to the depth of 1.8 µm at which 
point the profile was stopped. From XRD, it was noticed that magnetite (Fe3O4), chromium iron 
oxide (spinel) and nickel sulfides (NiS) crystalline phases were formed on the 316 exposed for 
42 days. 
d. 1018 Carbon Steel—From electron microscopy and EDS analysis, the inner and outer layers 
formed on 1018 steel sample exposed in the GEER are rich in iron, sulfur, and oxygen, which can 
be attributed to the formation of iron sulfide and/or oxide crystalline phases. Both layers are not 
well bonded to each other and to the base of the alloy, and are porous. XRD analysis has only 
detected magnetite formed on this alloy. 
2. Nickel-based alloys—The conclusions derived here are based on electron microscopy, EDS analysis 
and elemental mapping of the samples exposed in the GEER. Thus, we make assumptions on the 
metal oxides that might have formed on these alloys based on the abundances of the elements 
detected by EDS and elemental mapping analyses and also based on the thermodynamic stability of 
the competing oxide phases. XRD analysis detected nickel sulfide phases on the nickel alloys. In 
addition to nickel sulfide phases, XRD analysis also detected FeCr2O4 on the alloy G30, and FeCr2O4 
and NiMoO4 on the alloy 625. 
a. G30—The outer layer formed on the sample consists of nickel sulfides (Fe0.11Ni0.86S and Ni0.96S) 
and the inner layer consists of chromite (FeCr2O4). Mo was detected in both layers as well, but its 
Kα spectral line overlaps with that of sulfur. Both layers are porous and the outer layer exhibits 
spallation. 
b. 625—The outer and inner layers formed are dense and free of pores. They consist of nickel 
sulfides (NiS, Ni53S54) and oxides (FeCr2O4 and NiMoO4), respectively. Mo was detected in both 
layers as well. 
c. β-NiAl—Although scales or oxide layers on β-NiAl alloy were not observed by electron 
microscopy, XRD detected nickel sulfide. Furthermore, EDS analysis of the surface detected 
oxygen and fluorine in addition to the constituent elements. 
3. Coatings 
a. 4YSZ—The 4YSZ coating deposited on stainless steels 304 and 316 and on carbon steel 1018 
exhibited high porosity. High porosity contributes to gas/fluid diffusion of the species present in 
the supercritical phase, which leads to oxidation of the alloy. Its high concentration of oxygen 
vacancies provides a path for ionic diffusion leading to further oxidation of the alloy as well. 
From EDS analysis and elemental mapping, it was found that an iron oxide phase formed 
between the coating and the base of the 316 alloy and in the pores as well. 
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b. SilcoNert and Dursan—SilcoNert was effective in protecting the stainless steels 304 and 316 
against corrosion of the Venus atmosphere. Products of corrosion (iron and/or chromium oxide) 
was formed at the base of the alloy underneath of the Dursan coating. 
c. Porcelain—The porcelain coating was effective in protecting the base of the stainless steel 304 
sample and was unreacted in the Venus atmosphere. Only crystallization of some of the 
amorphous contents took place most probably due to the heat treatment in the GEER. 
4. Ceramics—All the ceramics (α-Al2O3, Si3N4, SiC, amorphous SiO2) exposed in the GEER for 10 and 
42 days were unreacted within the detection limits of the spectroscopic and microscopic techniques 
used in this work. 
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TABLE 1.—METALLIC MATERIALS (ALLOYS) USED IN THIS WORK 
Sample Stainless steel Carbon steel Nickel-based alloy 
304a 310 316b 1018 G30 625 
Manufacturer/ 
provider 
ATI 
Allegheny 
Ludlum, 
Midland, PA 
OnlineMetals.com, 
Seattle, WA 
ATI 
Allegheny 
Ludlum, 
Midland, PA 
Charter 
Manufacturing 
Co., Inc., 
Milwaukee, 
WI 
Haynes 
International, 
Inc., Houston, 
TX 
OnlineMetals.com, 
Seattle, WA 
Dimensions, cm 5.2×4.1×0.2 5.0×4.3×0.3 5.2×4.1×0.2 5.1×3.2×0.5 5.1×4.2×0.2 5.0×4.3×0.3 
Surface area, cm2 45 48 45 41 46 48 
aPlate hot-rolled coils annealed pickled.  
bCold-rolled coils annealed. 
 
TABLE 2.—CHEMICAL COMPOSITION OF METALLIC MATERIALS (ALLOYS) USED IN THIS WORK 
Element Composition, wt% 
Stainless steel Carbon steel Nickel-based alloy 
304 310 316 1018 G30a 625 
Fe 70.506 48 to 53 68.376 98.6808 13.0 to 17.0 5b 
Cr 18.14 26 16.6 0.09 28.0 to 31.5 20 to 23 
Ni 8.07 19 to 22 10.09 0.05 43 68.8 to 79.3 
Co ----------- ----------- ----------- ----------- 5.0b ----------- 
Mn 1.64 2 1.87 0.67 1.5b 0.5b 
Mo 0.46 ----------- 2.04 0.02 4.0 to 6.0 8 to 10 
Nb ----------- ----------- ----------- ----------- ----------- 3.15 to 4.15 
Ta ----------- ----------- ----------- ----------- ----------- 0.05b 
Cu 0.51 ----------- 0.52 0.11 1.0 to 2.4 ----------- 
Sn ----------- ----------- ----------- 0.006 ----------- ----------- 
Al ----------- ----------- ----------- 0.002 ----------- 0.4b 
Ti ----------- ----------- ----------- 0.002 ----------- 0.4b 
V ----------- ----------- ----------- 0.002 ----------- ----------- 
W ----------- ----------- ----------- ----------- 1.5 to 4.0 ----------- 
Si 0.58 1.5 0.44 0.19 0.8b  0.05 
N 0.07 ----------- 0.04 0.007 ----------- ----------- 
C 0.024 0.25 0.024 0.17 0.03b 0.1b 
B ----------- ----------- ----------- 0.0002 ----------- ----------- 
P 0.034 0.045b 0.031 ----------- 0.04 0.015b 
S 0.001 0.03 0.005 ----------- 0.02 0.015b 
aNb+Ta = 0.3 to 1.5 wt%. 
bMaximum. 
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TABLE 3.—CERAMIC MATERIALS USED IN THIS WORK 
Sample CVD Si3N4 CVD -SiC -Al2O3 Amorphous SiO2 
Manufacturer 
Advanced Ceramics 
Corporation, ON, 
Canada 
Rayrheon/Bomass 
Machine Specialties, 
Somerviller, MA 
Graphtek LLC, Buffalo 
Grove, IL 
QSI Quartz Scientific, 
Inc, Fairport Harbor, 
OH 
Additives/impurities 
C and O,  
01 to 1.0 wt% 
 
H, Al, and Fe (ppm) 
Be and Cu < 100 ppm All in wt%: 
SiO2 < 0.10 
Fe2O3 < 0.050 
Na2O, Li, and K < 0.10 
All in ppm: 
Al = 16, As < 0.4,  
B < 0.1, Ca < 0.6,  
Cd < 0.01, Cr = 0.05,  
Cu < 0.1, Fe = 0.3,  
K = 0.7, Li = 1,  
Mg = 0.1, Mn = 0.1,  
Na = 1, Ni < 0.1,  
P = 1.5, Sb < 0.4,  
Ti = 1.1, Zr = 1.5,  
OH < 5  
Density, g/cm3 3.18 --------------- 3.8 2.2 
Dimensions, cm 2.50.70.4 2.51.30.3 4.02.50.5 2.52.50.3 
Surface area, cm2 6.4 9.0 27.6 16.6 
 
 
 
TABLE 4.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE X-RAY SPECTROSCOPY 
ANALYSIS OF SURFACE AND BULK OF UNPOLISHED 304 STAINLESS STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 15(a)) 
Element Composition, wt% 
Surface 
(location I) 
Bulk 
(location II) 
C 20.4 7.1 
O 27.0 1.5 
S 1.2 ------ 
Cr 10.0 16.1 
Mn 0.7 1.8 
Fe 38.1 65.9 
Ni 2.6 7.1 
Si ------ 0.397 
 
 
 
TABLE 5.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE X-RAY SPECTROSCOPY 
ANALYSIS OF SURFACE AND BULK OF UNPOLISHED SIDE OF 304 STAINLESS STEEL SAMPLE 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 17(a)) 
Element Composition, wt% 
Surface 
(location I) 
Bulk 
(location II) 
C 3.1 3.0 
O 27.7 ------ 
S 8.0 ------ 
Cr 34.1 17.5 
Fe 27.1 71.4 
Ni ------ 8.1 
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TABLE 6.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER, INNER LAYER, AND BULK OF 316 STAINLESS STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 30(a)) 
Element Composition, wt% 
Outer layer 
(location I) 
Inner layer 
(location II) 
Bulk 
(location III) 
C 4.3 4.0 2.0 
O 26.2 27.7 0.2 
Si ------ 0.9 0.2 
S 1.1 4.1 ------ 
Cr 0.6 34.7 14.9 
Fe 67.9 21.1 70.0 
Ni ------ 1.0 11.0 
Mo ------ 6.6 1.7 
 
TABLE 7.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER MAIN AND SECONDARY PHASES, INNER LAYER, AND BULK OF 316 STAINLESS STEEL 
SAMPLE EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 31(b)) 
Element Composition, wt% 
Outer layer Inner layer 
(location III) 
Bulk 
(location IV) Main phase 
(location I) 
Secondary phase 
(location II) 
C ----- ----- ----- ----- 
O 27.5 ----- 26.9 ----- 
Si ----- ----- ----- 0.5 
S ----- 37.5 7.3 ----- 
Cr ----- 0.4 34.8 16.3 
Fe 72.5 10.3 27.7 70.1 
Ni ----- 51.7 3.3 10.0 
Mo ----- ----- ----- 3.1 
 
TABLE 8.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK, SCALE, AND INNER LAYER BETWEEN THEM OF 310 STAINLESS STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 40) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 6.9 4.6 3.2 
O 18.0 22.8 2.1 
Si 0.1 0.6 0.7 
S 14.0 5.5 ------ 
Cr 2.8 28.8 24.0 
Fe 42.1 33.3 52.3 
Ni 16.1 12.6 17.7 
 
TABLE 9.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF SCALE AND BULK OF 310 STAINLESS STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 41) 
Element Composition, wt% 
Bulk Scale 
C ----- 2.2 
O 1.2 16.5 
S ----- 7.7 
Cr 23.8 1.7 
Fe 54.4 59.3 
Ni 20.6 12.6 
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TABLE 10.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF OUTER LAYER, INNER LAYER, AND BULK OF 1018 STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 48) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 2.9 3.8 3.1 
O 25.1 25.7 ----- 
S 1.3 2.7 ----- 
Fe 70.8 67.8 96.9 
 
TABLE 11.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF OUTER LAYER, INNER LAYER, AND BULK OF 1018 STEEL SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 49(a)) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 0.5 3.3 2.8 
O 27.7 24.4 ------ 
S ------ 5.5 ------ 
Fe 71.9 67.7 97.2 
 
 
TABLE 12.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER, INNER LAYER, AND BULK OF G30 ALLOY SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 56(a)) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 11.9 4.8 4.7 
O ------ 15.6 3.4 
Al ------ 0.4 ------ 
S 32.6 9.9 ------ 
Cr 6.6 32.3 23.6 
Mn 0.6 1.4 0.8 
Fe 8.9 7.3 12.9 
Co 7.2 1.0 3.3 
Ni 30.5 11.4 43.4 
Mo 1.7 11.5 6.8 
W ------ 4.3 1.2 
 
TABLE 13.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER, INNER LAYER, AND BULK OF G30 ALLOY SAMPLE EXPOSED TO VENUSIAN SURFACE 
CONDITIONS FOR 42 DAYS (FIG. 57) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 7.5 6.2 ------ 
O 3.7 20.6 7.1 
Al ------ 0.7 0.5 
S 29.8 10.3 5.9 
Cr 1.6 31.4 21.4 
Mn ------ ------ ------ 
Fe 2.0 4.6 13.4 
Ni 50.8 8.2 41.9 
Mo 4.6 11.9 8.5 
W ------ 6.1 1.3 
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TABLE 14.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER, INNER LAYER, AND BULK OF ALLOY 625 SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 64) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 8.2 4.0 3.8 
O 0.6 23.6 ------ 
S 34.1 3.8 ------ 
Cr 0.8 25.9 19.2 
Fe 1.4 5.8 3.7 
Co 0.003 ------ ------ 
Ni 55.0 2.6 53.2 
Mo --------- 33.7 14.0 
Ta --------- ------ 6.0 
Al --------- 0.2 ------ 
Si --------- 0.4 ------ 
 
TABLE 15.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
OUTER LAYER, INNER LAYER, AND BULK OF ALLOY 625 SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 65) 
Element Composition, wt% 
Outer layer Inner layer Bulk 
C 5.3 ------ ------ 
O ------ 20.8 2.1 
S 34.5 6.7 ------ 
Cr 0.7 26.7 20.3 
Fe ------ 4.2 4.3 
Ni 59.5 10.1 58.9 
Mo ------ 30.7 14.4 
Ta ------ ------ 6.0 
Si ------ 0.6 ------ 
 
TABLE 16.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF SURFACE AND BULK OF β-NiAl ALLOY SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 72(a)) 
Element Composition, wt% 
Surface 
(location I) 
Bulk 
(location II) 
C 15.1 4.4 
O 23.0 ------ 
F 19.5 ------ 
Al 27.4 27.9 
S 3.7 ------ 
Ni 11.3 67.7 
 
TABLE 17.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF SURFACE AND BULK OF β-NiAl ALLOY SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 73(a)) 
Element Composition, wt% 
Surface 
(location I) 
Bulk 
(location II) 
C ------ ------ 
O 7.9 ------ 
F ------ ------ 
Al 50.1 28.8 
S ------ ------ 
Ni 42.0 71.2 
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TABLE 18.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF GOLD WIRE SAMPLES NEAR SURFACE EDGE UNEXPOSED AND EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 10 AND 42 DAYS 
Element Composition, wt% 
Unexposed 
(Fig. 79) 
10 days exposure 
(Fig. 80) 
42 days exposure 
(Fig. 81) 
C 3.1 6.7 12.3 
Au 96.9 93.3 87.4 
 
TABLE 19.—CHEMICAL COMPOSITION OBTAINED FROM X-RAY PHOTOELECTRON SPECTROSCOPY 
ANALYSIS OF SURFACE OF GOLD WIRE SAMPLE EXPOSED TO 
VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 81) 
Samplea Atomic concentration, percent 
 C O Au Ni Cl Ca S Na F 
Gold wire 44.2 23.6 20.6 4 2.6 2.3 2.2 0.5 ---- 
Gold wire, DI sonicated 32.9 17.5 47.9 --- ---- ---- ---- ---- 1.7 
aDI refers to deionized water. 
 
TABLE 20.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF UNEXPOSED BULK 304 STAINLESS STEEL SAMPLE AND 
4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING (FIG. 85) 
Element Composition, wt% 
Bulk Coating 
C 1.8 5.5 
O ------ 4.2 
Cr 17.2 01 
Fe 72.7 0.5 
Ni 8.2 0.2 
Y ------ 5.7 
Zr ------ 83.9 
 
TABLE 21.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK 304 STAINLESS STEEL SAMPLE AND 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 86) 
Element Composition, wt% 
Bulk Coating 
C 1.8 8.2 
O ------ 3.2 
Cr 17.2 ------ 
Fe 72.2 ------ 
Ni 8.8 ------ 
Y ------ 1.8 
Zr ------ 86.2 
 
TABLE 22.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK 304 STAINLESS STEEL SAMPLE AND 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 87) 
Element Composition, wt% 
Bulk Coating 
O ------ 14.2 
Cr 18.2 ------ 
Fe 73.4 ------ 
Ni 8.4 ------ 
Y ------ 15.6 
Zr ------ 70.2 
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TABLE 23.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF UNEXPOSED BULK 316 STAINLESS STEEL SAMPLE AND 
4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING (FIG. 95) 
Element Composition, wt% 
Bulk Coating 
C 0.2 ------ 
O ------ 0.4 
Si 0.2 ------ 
P 0.03 ------ 
Cr 5.6 ------ 
Fe 20.5 ------ 
Ni 3.2 ------ 
Mn 0.5 ------ 
Mo 0.8 ------ 
Y ------ 1.8 
Zr ------ 33.2 
Au 68.9 64.6 
 
TABLE 24.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK 316 STAINLESS STEEL SAMPLE AND 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 96) 
Element Composition, wt% 
Bulk Coating 
C 0.2 ------ 
O ------ 0.9 
Cr 6.2 ------ 
Fe 22.8 ------ 
Ni 3.3 ------ 
Mn 0.7 ------ 
Mo 0.8 ------ 
Y ------ 1.8 
Zr ------ 35.7 
Au 66.0 61.6 
 
TABLE 25.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK 316 STAINLESS STEEL SAMPLE AND 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 97) 
Element Composition, wt% 
Bulk Coating 
O ------ 15.0 
Cr 16.3 ------ 
Fe 69.3 ------ 
Ni 10.7 ------ 
Mo 1.9 ------ 
Y ------ 65.7 
Zr ------ 78.5 
 
TABLE 26.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
UNEXPOSED BULK 1018 STEEL SAMPLE AND 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING (FIG. 105) 
Element Composition, wt% 
Bulk Coating 
C 7.4 3.0 
O ------ 2.8 
Fe 92.6 0.5 
Y ------ 25.4 
Zr ------ 68.3 
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TABLE 27.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
BULK 1018 STEEL SAMPLE, 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, AND INNER LAYER FORMED 
BETWEEN THEM, EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 106) 
Element Composition, wt% 
Bulk Coating Inner layer 
C 1.9 ------ 2.1 
O ------ 0.9 7.2 
Fe 98.1 ------ 90.7 
Y ------ 1.8 ------ 
Zr ------ 35.7 ------ 
 
TABLE 28.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
1018 STEEL SAMPLE AND INNER LAYER FORMED WITH 4 MOL% YTTRIA-STABILIZED ZIRCONIA COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS (FIG. 107) 
Element Composition, wt% 
Bulk Inner layer 
C 9.6 ------ 
O ------ 17.1 
S ------ 13.4 
Fe 90.4 67.4 
Y ------ ------ 
Zr ------ ------ 
Al ------ 2.1 
 
TABLE 29.—THICKNESS OF COMMERCIAL SilcoNert AND Dursan COATINGS 
ON STAINLESS STEEL 304 AND 316 SAMPLES, UNEXPOSED AND EXPOSED 
TO VENUSIAN SURFACE CONDITIONS FOR 10 AND 42 DAYS 
Coatinga Stainless 
steel 
Exposure,  
days 
Thickness,  
µm 
Error,
± 
Dursan 
304 
0 0.38 0.02 
10 0.48 0.03 
42 0.85 0.04 
316 
0 1.49 0.04 
10 0.97 0.02 
42 1.07 0.04 
SilcoNert 
304 
0 0.53 0.05 
10 0.72 0.02 
42 0.77 0.08 
316 
0 1.4 0.1 
10 2.3 0.2 
42 1.54 0.08 
aFrom SilcoTek Co. 
 
TABLE 30.—THICKNESS OF COMMERCIAL SilcoNert AND Dursan COATINGS 
ON STAINLESS STEELS 304 AND 316 SAMPLES, BEFORE AND AFTER 
EXPOSURE TO VENUSIAN SURFACE CONDITIONS FOR 21 DAYS 
Stainless 
steel 
Coatinga Thickness,  
µm 
Before 
exposure 
Error,  
± 
21 days 
exposure 
Error, 
± 
304 SilcoNert
 1.38 0.01 1.28 0.02 
Dursan 1.72 0.03 1.16 0.03 
316 SilcoNert
 1.4 0.1 1.36 0.02 
Dursan 1.3 0.1 1.08 0.04 
aFrom SilcoTek Co. 
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TABLE 31.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL SAMPLE AND Dursan COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS 
Element Composition, wt% 
Bulk Coating 
C 34.7 31.5 
O 0.6 0.2 
Si 4.0 21.6 
Cr 11.0 8.4 
Mn 1.0 1.0 
Fe 44.0 25.3 
Ni 4.8 ------ 
Nb ------ 12.0 
aFrom SilcoTek Co. 
 
TABLE 32.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL SAMPLE AND Dursan COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Element Composition, wt% 
Bulk Coating 
C ------ 21.5 
O 0.1 41.0 
Si ------ 28.2 
Cr 17.4 2.5 
Fe 74.2 6.1 
Ni 8.4 0.7 
aFrom SilcoTek Co. 
 
TABLE 33.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 316 STAINLESS STEEL AND Dursan COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS 
Element Composition, wt% 
Bulk Coating 
C 6.6 23.7 
O ------ 22.3 
Si ------ 19.1 
Cr 14.6 1.7 
Fe 58.7 19.9 
Ni 8.9 ------ 
Mo 11.3 13.3 
aFrom SilcoTek Co. 
 
TABLE 34.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 316 STAINLESS STEEL AND Dursan COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Element Composition, wt% 
Bulk Coating Inner layer 
C 3.0 3.6 ------ 
O ------ 37.2 29.7 
S ------ 4.5 ------ 
Si 0.5 19.8 ------ 
Cr 16.2 3.4 23.0 
Fe 67.8 29.9 36.9 
Ni 9.6 0.8 5.7 
Mo 2.8 0.8 4.7 
aFrom SilcoTek Co. 
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TABLE 35.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL AND SilcoNert 1040 COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS 
Element Composition, wt% 
Bulk Coating 
C 9.3 31.9 
Si ------ 49.3 
Cr 16.4 3.5 
Fe 66.9 13.3 
Ni 7.4 1.9 
aFrom SilcoTek Co. 
 
TABLE 36.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL AND SilcoNert 1040 COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Element Composition, wt% 
Bulk Coating 
C ------ 28.3 
O ------ 5.0 
Si ------ 57.2 
Cr 17.8 3.2 
Fe 74.1 4.9 
Ni 8.2 1.5 
aFrom SilcoTek Co. 
 
TABLE 37.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 316 STAINLESS STEEL AND SilcoNert 1040 COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS 
Element Composition, wt% 
Bulk Coating 
C 4.4 36.9 
O ------ 1.8 
Si 0.5 58.8 
Cr 15.4 ------ 
Fe 66.7 2.5 
Ni 10.0 ------ 
Mo 3.0 ------ 
aFrom SilcoTek Co. 
 
TABLE 38.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 316 STAINLESS STEEL AND SilcoNert 1040 COATING,a 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Element Composition, wt% 
Bulk Coating 
O ------ 4.9 
Si ------ 85.5 
Cr 17.0 ------ 
Fe 72.1 5.1 
Ni 9.8 4.5 
aFrom SilcoTek Co. 
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TABLE 39.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL AND PORCELAIN COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS 
Element Composition, wt% 
Bulk Coating 
C 3.2 19.1 
O ------ 26.1 
Al ------ 2.1 
Si ------ 39.0 
K ------ 2.3 
Ca ------ 8.3 
Zn ------ 3.1 
Cr 27.8 ------ 
Fe 67.3 ------ 
Ni 5.4 ------ 
 
TABLE 40.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF BULK 304 STAINLESS STEEL AND PORCELAIN COATING, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Element Composition, wt% 
Bulk Coating 
C 8.4 9.4 
O ------ 47.6 
Ti ------ 1.8 
Si ------ 31.1 
K ------ 1.3 
Ca ------ 7.9 
Zn ------ 0.8 
Cr 16.6 0.2 
Fe 67.5 ------ 
Ni 7.5 ------ 
 
TABLE 41.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF SILICON CARBIDE SAMPLES NEAR SURFACE EDGE, UNEXPOSED AND 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 AND 42 DAYS 
Element Composition, wt% 
Unexposed 10 days 
exposure 
42 days 
exposure 
C 20.0 19.1 53.8 
Si 80.0 80.9 46.2 
 
TABLE 42.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY 
ANALYSIS OF SILICON CARBIDE SAMPLES NEAR SURFACE EDGE, UNEXPOSED AND 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 AND 42 DAYS 
Element Composition, wt% 
Unexposed 10 days 
exposure 
42 days 
exposure 
C 12.1 10.7 ------ 
Si 29.2 27.2 57.5 
O 58.7 62.1 42.5 
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TABLE 43.—CHEMICAL COMPOSITION OBTAINED FROM X-RAY PHOTOELECTRON SPECTROSCOPY ANALYSIS 
OF SURFACE OF CERAMIC SAMPLES EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 42 DAYS 
Sample  
(area, treatment) 
Atomic concentration, percent 
C O Si Al Na Ca Fe Mn S Ni K F Mg Cl 
SiO2   
 (area 1) 3.1 67.5 25.7 ---- 0.7 1.2 0.5 0.1 1.2 0.1 0.1 ---- ---- ---- 
 (area 2) 3.1 66.5 27.1 ---- 0.9 0.9 0.2 0.1 1.1 0.1 0.1 ---- ---- ---- 
 (DI sonicated a) 2.3 68.2 29.4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Al2O3  
 (area 1) 4.3 61.5 1.7 25.5 2 0.8 0.4 0.1 1.2 ---- ---- 1.1 0.9 0.4 
 (area 2) 4 62 1.6 26.3 2.3 0.6 0.3 0.1 0.7 ---- ---- 1 0.8 0.3 
 (DI sonicated a) 4.3 64.2 1.8 27.5 0.3 0.1 0.3 0.1 ---- ---- ---- 1 0.3 ---- 
SiC  
 (area 1) 25.7 40.5 29.9 ---- 0.6 1.1 0.8 0.6 0.9 ---- ---- ---- ---- ---- 
 (area 2) 26.8 39.5 29.4 ---- 0.8 1.4 0.6 0.5 1.1 ---- ---- ---- ---- ---- 
 (DI sonicated,a area 1) 26.3 39.5 33.1 ---- ---- ---- 0.6 0.4 ---- 0.1 ---- ---- ---- ---- 
 (DI sonicated,a area 2) 25.9 40.2 32 ---- ---- ---- 1.3 0.3 ---- 0.1 ---- 0.2 ---- ---- 
aSonicated in deionized (DI) water. 
 
 
 
TABLE 44.—CHEMICAL COMPOSITION OBTAINED FROM ENERGY DISPERSIVE SPECTROSCOPY ANALYSIS OF 
SURFACE AND BULK OF INCONEL WIRE USED TO HANG SAMPLES IN GLENN EXTREME ENVIRONMENTS RIG, 
EXPOSED TO VENUSIAN SURFACE CONDITIONS FOR 10 DAYS (FIG. 197) 
Element Composition, wt% 
Surface Bulk 
C 21.2 11.0 
O 1.0 1.6 
Ca 0.4 ------ 
Al 0.4 ------ 
Cr 11.6 12.6 
Ni 59.5 69.0 
Fe 5.2 5.8 
Si 0.8 ------ 
 
 
 
TABLE 45.—AMOUNT OF CHEMICAL SPECIES USED AS INPUT PARAMETERS IN THERMODYNAMIC 
CALCULATIONSa OF COMPOUNDS FORMED ON SAMPLES EXPOSED TO VENUS SURFACE CONDITIONS 
Sample Amount (mol)b 
 Fe Cr Ni Al Mo Co 
304 3.2×10–1 8.7×10–2 3.4×10–2 ---------- ---------- ---------- 
310 2.2×10–1 1.3×10–1 8.7×10–2 ---------- ---------- ---------- 
316 3.1×10–1 8.0×10–2 4.3×10–2 ---------- ---------- ---------- 
1018 4.4×10–1 4.3×10–4 2.1×10–4 ---------- ---------- ---------- 
β-NiAl ---------- ---------- 3.0×10–1 2.7×10–1 ---------- ---------- 
G30 6.7×10–2 1.4×10–1 1.8×10–1 ---------- 1.0×10–2 1.8×10–2 
625 2.2×10–2 1.0×10–1 3.2×10–1 ---------- 2.3×10–2 ---------- 
GEER CO2 N2 SO2 HCl HF H2S OCS CO H2O 1247.5 45.2 2.3×10–1 6.5·10–4 3.2×10–6 2.6×10–3 2.3×10–1 1.6×10–2 3.9×10–2 
aComputations were done using FactSage program (Refs. 16 and 17).  
bThe amount of elements was calculated assuming 25 g as the average weight of the samples and the amount of the molecular 
species in the GEER was assumed to be that injected in the chamber for the 42-day experiment. 
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TABLE 46.—COMPARISON OF PREDICTED THERMODYNAMICALLY STABLE COMPOUNDS AND THOSE 
COMPOUNDS, PHASES, AND ELEMENTS DETECTED BY SPECTROSCOPIC TECHNIQUES 
Alloy Phases detected by 
XRD 
Elements detected by EDS Compounds (oxides and 
sulfides) from XPS and 
Auger spectroscopiesa 
Predicted thermodynamically 
stable compoundsb 
304 Fe3O4 Ni0.96S Fe, Cr, O, and S 
Graphite, FexOy, CrxOy, 
FexCryOz NixSy, NiO, 
and CrxCy 
FeS2 
Fe3O4 
FeCr2O4 
Ni3S4 
310 Fe3O4 NiS 
Outer layer: main phase Fe and 
O with minor amounts of 
localized Ni and S 
Inner layer: Fe, Cr, and O with 
small amounts of S 
------------------------------ 
FeCr2O4 
FeS2 
Fe3O4 
Ni3S4 
316 Fe3O4 Fe1.3Cr1.7O4NiSc 
Outer layer: main phase Fe and 
O and secondary phase Ni, 
Fe, and S 
Inner layer: Fe, Cr, and O with 
small amounts of Ni and S 
FexOy 
FeS2 
Fe3O4 
FeCr2O4 
Ni3S4 
1018 Fe3O4 Outer layer: Fe and O Inner layer: Fe, O, and S ------------------------------ 
FeS2 
Fe3O4 
FeCr2O4 
Ni3S4 
G30 FeCr2O4 Fe0.11Ni0.86SNi0.96S 
Outer and inner layers: Fe, Ni, 
Cr, Mo, S, and O ------------------------------ 
FeCr2O4 
Ni3S4 
(CoO)Cr2O3 
CoS2 
Ni9S8 
MoS2 
625 
FeCr2O4 
NiS 
Ni53S54 
NiMoO4 
Outer layer: Ni and Sd 
Inner layer: Fe, Ni, Cr, Mo, O, 
and S 
------------------------------ 
NiO 
Ni9S8 
(NiO)(Cr2O3) 
MoO2 
FeCr2O4 
β-NiAl NiS Surface: Al, Ni , F, and O ------------------------------ 
Al2O3 
Ni9S8 
Ni3S4 
aIn fact XPS and Auger analyses give the depth elemental composition in the samples and the oxides and sulfide compounds are 
interpreted based on their amounts.  
bPredictions were done using FactSage program (Refs. 16 and 17). 
cHexagonal and rhombohedral symmetries.  
dElements with weight percent less than 2 percent are omitted here. We also omitted the Mo element since its EDS spectrum 
overlaps with the S spectrum.  
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Figure 1.—Linear and parabolic kinetics of 
oxidation of an alloy. 
 
 
 
 
 
 
 
 
Figure 2.—Alloy undergoing high-
temperature oxidation in pure 
supercritical CO2. 
 
 
NASA/TM—2017-219437 39 
 
Figure 3.—Testing apparatus. (a) End view of Glenn Extreme Environments Rig chamber. Inset 
shows rail system that attaches to one of seven ports, allowing exposure to high-fidelity Venus 
surface conditions. (b) Sample holder with alumina rod used to accommodate sample coupons. 
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Figure 4.—Sample preparation process for scanning electron microscopy, X-ray diffraction, 
and X-ray photoelectron spectroscopy analyses. 
 
 
Figure 5.—Three-dimensional optical image of polished surface of 
304 stainless steel coupon. 
 
 
Figure 6.—Three-dimensional optical image of unpolished surface of 
304 stainless steel coupon. 
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Figure 7.—Three-dimensional optical image of surface of 316 stainless steel 
coupon. Neither side of coupon was polished. 
 
 
 
Figure 8.—Weight change per area of different metallic materials exposed to 
Venusian surface conditions for 10 and 42 days. Materials are stainless steels 
304 and 316; carbon steel 1018; nickel-based alloys G30, 625, and β-NiAl; and 
gold. Error bars are orders of magnitude smaller than weight-gain-per-area 
values and are not noticed in graph. 
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Figure 9.—Weight change per area versus time for stainless steel 304 
exposed in Glenn Extreme Environments Rig. 
 
 
Figure 10.—Weight change per area of different coated metallic materials exposed to 
Venusian surface conditions for 10 and 42 days. Metallic materials are stainless steels 304 
and 316 and carbon steel 1018; coatings are 4 mol% yttria-stabilized zirconia (4YSZ), 
SilcoNert and Dursan (SilcoTek Co.), and porcelain. Error bars are orders of magnitude 
smaller than weight-gain-per-area values and are not noticed in graph. 
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Figure 11.—Weight change per area of different ceramic materials exposed to Venusian 
surface conditions for 10 and 42 days. 
 
 
 
Figure 12.—Cross-sectional images of polished side of unexposed 304 stainless steel. (a) Scanning electron 
microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 13.—Cross-sectional images of unpolished side of unexposed 304 stainless steel. (a) Scanning electron 
microscopy image. (b) Backscattered-electron image. 
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Figure 14.—Cross-sectional images of polished side of 304 stainless steel sample exposed to Venusian surface 
conditions for 10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 15.—Cross-sectional images of unpolished side of 304 stainless steel sample exposed to Venusian 
surface conditions for 10 days. (a) Scanning electron microscopy image showing surface (location I) and 
bulk (location II). (b) Backscattered-electron image. 
 
 
Figure 16.—Cross-sectional images of polished side of 304 stainless steel sample exposed to Venusian 
surface conditions for 42 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 17.—Cross-sectional images of unpolished side of 304 stainless steel sample exposed to Venusian 
surface conditions for 42 days. (a) Scanning electron microscopy image, showing surface (location I) and bulk 
(location II). (b) Backscattered-electron image. 
 
 
Figure 18.—Energy dispersive X-ray spectroscopy analysis of unpolished side of 304 stainless steel exposed to 
Venusian surface conditions for 10 days (Fig. 15(a)). (a) Surface (location I). (b) Bulk (location II). 
 
 
Figure 19.—Energy dispersive X-ray spectroscopy analysis of unpolished side of 304 stainless steel sample exposed 
to Venusian surface conditions for 42 days (Fig. 17(a)). (a) Scale (location I). (b) Bulk (location II). 
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Figure 20.—X-ray elemental images of unpolished side 304 stainless steel sample exposed to 
Venusian surface conditions for 10 days (area mapped is that of Fig. 15(a)). Each pixel represents 
information gathered by spectrometer at Cr, Fe, Ni, O, C, and S Kα line.  
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Figure 21.—X-ray elemental images of unpolished side of 304 stainless steel sample exposed to 
Venusian surface conditions for 42 days (area mapped is that of Fig. 17(a)). Each pixel represents 
information gathered by spectrometer at Cr, Fe, Ni, O, C, and S Kα line.  
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Figure 22.—X-ray diffraction patterns of unpolished side of 304 stainless steel 
samples, unexposed and exposed to Venusian surface conditions for 42 days. 
 
 
 
 
 
Figure 23.—X-ray photoelectron spectroscopy depth profile using high-resolution 
regions of polished side of stainless steel 304 sample exposed to Venusian 
surface conditions for 10 days. 
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Figure 24.—X-ray photoelectron spectroscopy depth profile using high-resolution 
regions of polished side of stainless steel 304 sample exposed to Venusian surface 
conditions for 42 days. 
 
 
 
 
Figure 25.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of 
unpolished side of stainless steel 304 sample exposed to Venusian surface conditions for 
42 days. 
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Figure 26.—Auger depth profile of polished side of stainless steel 304 sample exposed to 
Venusian surface conditions for 42 days. Data were collected in point area as shown in  
image inset. 
 
 
 
 
Figure 27.—Auger depth profile of unpolished side of stainless steel 304 sample exposed to 
Venusian surface conditions for 42 days. Data were collected in point area in which particles 
were not observed as shown in image inset. 
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Figure 28.—Auger depth profile of unpolished side of stainless steel 304 sample exposed to 
Venusian surface conditions for 42 days. Data were collected in point area in which 
particles were observed as shown in image inset. 
 
 
Figure 29.—Cross-sectional images of unexposed 316 stainless steel sample. (a) Scanning electron microscopy 
image. (b) Backscattered-electron image. 
 
 
Figure 30.—Cross-sectional images of 316 stainless steel sample exposed to Venusian surface conditions for 
10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 31.—Cross section images of 316 stainless steel sample exposed to Venusian surface conditions for 
42 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
 
 
Figure 32.—Cross-sectional focused ion beam image of 
316 stainless steel sample exposed to Venusian 
surface conditions for 10 days. 
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Figure 33.—Energy dispersive X-ray spectroscopy analysis of 316 stainless steel sample exposed to Venusian 
surface conditions for 10 days (Fig. 30(a)). (a) Outer layer (location I). (b) Inner layer (location II). 
(c) Bulk (location III). 
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Figure 34.—Energy dispersive X-ray spectroscopy analysis of 316 stainless steel sample exposed to Venusian 
surface conditions for 42 days (Fig. 31(b)). (a) Main phase in outer layer (location I). (b) Secondary phase in outer 
layer (location II). (c) Inner layer (location III). (d) Bulk (location IV). 
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Figure 35.—X-ray elemental images of 316 stainless steel sample exposed to Venusian surface 
conditions for 10 days (area mapped is that of Fig. 30). Each pixel represents information gathered 
by spectrometer at Cr, Fe, Ni, O, and S Kα line and at Mo Lα line.  
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Figure 36.—X-ray elemental images of 316 stainless steel sample exposed to Venusian surface 
conditions for 42 days (area mapped is that of Fig. 31). Each pixel represents information gathered 
by spectrometer at Cr, Fe, Ni, O, and S Kα line and at Mo Lα line.  
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Figure 37.—X-ray diffraction patterns of 316 stainless steel samples, unexposed and 
exposed to Venusian surface conditions for 42 days.  
 
 
 
 
Figure 38.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of 
unpolished stainless steel 316 sample exposed to Venusian surface conditions for 10 days. 
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Figure 39.—Cross-sectional images of unexposed 310 stainless steel sample. (a) Scanning electron microscopy 
image. (b) Backscattered-electron image. 
 
 
 
Figure 40.—Cross-sectional images of 310 stainless steel sample exposed to Venusian surface conditions for 
10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 41.—Cross-sectional images of 310 stainless steel sample exposed to Venusian surface conditions for 
42 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 42.—Energy dispersive spectroscopy analysis of 310 stainless steel sample exposed to Venusian 
surface conditions for 10 days (Fig. 40). (a) Outer layer. (b) Inner layer. (c) Bulk. 
 
 
Figure 43.—Energy dispersive spectroscopy analysis of 310 stainless steel sample exposed to Venusian surface 
conditions for 42 days (Fig. 41). Unlabeled peak corresponds to Pt coating. (a) Bulk. (b) Scale. 
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Figure 44.—X-ray elemental images of 310 stainless steel sample exposed to Venusian surface 
conditions for 10 days (area mapped is that of Fig. 40). Each pixel represents information gathered 
by spectrometer at Cr, Fe, Ni, O, and S Kα line.  
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Figure 45.—X-ray elemental images of 310 stainless steel sample exposed to Venusian surface 
conditions for 42 days (area mapped is that of Fig. 41(a)). Each pixel represents information 
gathered by spectrometer at Cr, Fe, Ni, O, and S Kα line.  
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Figure 46.—X-ray diffraction patterns of 310 stainless steel samples, unexposed 
and exposed to Venusian surface conditions for 42 days.  
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Figure 47.—Cross-sectional images of unexposed 1018 steel sample. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
Figure 48.—Cross-sectional images of 1018 steel sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
Figure 49.—Cross-sectional images of 1018 steel sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 50.—Energy dispersive spectroscopy analysis of 1018 steel sample exposed to Venusian surface 
conditions for 10 days (Fig. 48). (a) Outer layer. (b) Inner layer. (c) Bulk. 
 
 
Figure 51.—Energy dispersive spectroscopy analysis of 1018 steel sample exposed to Venusian surface 
conditions for 42 days (Fig. 49). (a) Outer layer. (b) Inner layer. (c) Bulk. 
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Figure 52.—X-ray elemental images of 1018 steel sample exposed to Venusian surface 
conditions for 10 days (area mapped is that of Fig. 48). Each pixel represents 
information gathered by spectrometer at C, Fe, O, and S Kα line.  
 
 
Figure 53.—X-ray elemental images of 1018 steel sample exposed to Venusian surface 
conditions for 42 days (area mapped is that of Fig. 49). Each pixel represents 
information gathered by spectrometer at C, Fe, O, and S Kα line.  
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Figure 54.—X-ray diffraction patterns of 1018 steel samples, unexposed and 
exposed to Venusian surface conditions for 42 days.  
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Figure 55.—Cross-sectional images of unexposed G30 alloy sample. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
Figure 56.—Cross-sectional images of G30 alloy sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 57.—Cross-sectional images of G30 alloy sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 58.—Energy dispersive spectroscopy analysis of G30 alloy sample exposed to Venusian 
surface conditions for 10 days (Fig. 56). (a) Outer layer. (b) Inner layer. (c) Bulk. 
 
 
Figure 59.—Energy dispersive spectroscopy analysis of G30 alloy sample exposed to Venusian 
surface conditions for 42 days (Fig. 57). (a) Outer layer. (b) Inner layer. (c) Bulk. 
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Figure 60.—X-ray elemental images of G30 alloy sample exposed to 
Venusian surface conditions for 10 days (area mapped is that of Fig. 56). 
Each pixel represents information gathered by spectrometer at C, Co, Cr, 
Fe, Mn, Ni, O, and S Kα line and at Mo and W Lα line.  
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Figure 61.—X-ray elemental images of G30 alloy sample exposed to Venusian surface conditions 
for 42 days (area mapped is that of Fig. 57). Each pixel represents information gathered by 
spectrometer at C, Cr, Fe, Ni, O, and S Kα line and at Mo and W Lα line. 
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Figure 62.—X-ray diffraction patterns of G30 alloy samples, unexposed and 
exposed to Venusian surface conditions for 42 days.  
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Figure 63.—Cross-sectional images of unexposed alloy 625 sample. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
Figure 64.—Cross-sectional images of alloy 625 sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
Figure 65.—Cross-sectional images of alloy 625 sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 66.—Energy dispersive spectroscopy analysis of alloy 625 sample exposed to Venusian 
surface conditions for 10 days (Fig. 64). (a) Outer layer. (b) Inner layer. (c) Bulk. 
 
 
Figure 67.—Energy dispersive spectroscopy analysis of alloy 625 sample exposed to Venusian 
surface conditions for 42 days (Fig. 65). (a) Outer layer. (b) Inner layer. (c) Bulk. 
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Figure 68.—X-ray elemental images of alloy 625 sample exposed to Venusian 
surface conditions for 10 days (area mapped is that of Fig. 64). Each pixel 
represents information gathered by spectrometer at C, Cr, Fe, Al, Ni, Si, Co, 
O, and S Kα line and at Mo and Ta Lα line.   
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Figure 69.—X-ray elemental images of alloy 625 sample exposed to Venusian surface conditions 
for 42 days (area mapped is that of Fig. 65). Each pixel represents information gathered by 
spectrometer at C, Cr, Fe, Al, Ni, Si, Co, O, and S Kα line and at Mo and Ta Lα line.  
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Figure 70.—X-ray diffraction patterns of alloy 625 sample, unexposed and exposed 
to Venusian surface conditions for 42 days.  
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Figure 71.—Cross-sectional images of unexposed β-NiAl alloy sample. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
Figure 72.—Cross-sectional images of β-NiAl alloy sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 73.—Cross-sectional images of β-NiAl alloy sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 74.—Energy dispersive spectroscopy analysis of β-NiAl alloy sample exposed to Venusian surface conditions 
for 10 days (Fig. 72(a)). (a) Surface (location I). (b) Bulk (location II). 
 
 
 
 
 
Figure 75.—Energy dispersive spectroscopy analysis of β-NiAl alloy sample exposed to Venusian surface conditions 
for 42 days (Fig. 73(a)). (a) Surface (location I). (b) Bulk (location II). 
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Figure 76.—X-ray elemental images of β-NiAl alloy sample exposed to Venusian surface conditions for 
10 days (area mapped is that of Fig. 72). Each pixel represents information gathered by spectrometer 
at C, O, F, Al, Ni, and S Kα line.  
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Figure 77.—X-ray elemental images of β-NiAl alloy sample exposed to Venusian surface conditions for 
42 days (area mapped is that of Fig. 73). Each pixel represents information gathered by spectrometer 
at C, O, Al, and Ni Kα line.  
 
 
 
Figure 78.—X-ray diffraction patterns of β-NiAl alloy samples, 
unexposed and exposed to Venusian surface conditions for 42 days.  
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Figure 79.—Cross-sectional images of unexposed gold wire sample. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
Figure 80.—Cross-sectional images of gold wire sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
Figure 81.—Cross-sectional images of gold wire sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 82.—Energy dispersive spectroscopy analysis (of bulk, near edge of surface) of gold wire samples, unexposed 
and exposed to Venusian surface conditions. (a) Unexposed (Fig. 79). (b) Exposed for 10 days (Fig. 80). 
(c) Exposed for 42 days (Fig. 81).  
 
 
 
 
Figure 83.—X-ray elemental images of gold wire sample exposed to Venusian surface conditions for 
10 days (area mapped is that of Fig. 80). Each pixel represents information gathered by spectrometer 
at Au and C Kα line.  
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Figure 84.—Cross-sectional scanning electron microscopy images of 304 stainless steel samples coated with 
4 mol% yttria-stabilized zirconia. (a) Unexposed. (b) Exposed to Venusian surface conditions for 10 days. 
 
 
 
 
Figure 85.—Cross-sectional images of unexposed 304 stainless steel sample coated with 4 mol% yttria-stabilized 
zirconia. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
Figure 86.—Cross-sectional images of 304 stainless steel sample coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
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Figure 87.—Cross-sectional of 304 stainless steel sample coated with 4 mol% yttria-stabilized zirconia, exposed 
to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. (b) Backscattered-
electron image. 
 
 
 
Figure 88.—Energy dispersive spectroscopy analysis of unexposed 304 stainless steel sample coated with 
4 mol% yttria-stabilized zirconia (Fig. 85). (a) Bulk. (b) Coating. 
 
 
 
Figure 89.—Energy dispersive spectroscopy analysis of 304 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 10 days (Fig. 86). (a) Bulk. (b) Coating. 
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Figure 90.—Energy dispersive spectroscopy analysis of 304 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 42 days (Fig. 87). (a) Bulk. (b) Coating. 
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Figure 91.—X-ray elemental images of 304 stainless steel sample coated with 4 mol% yttria-stabilized 
zirconia, exposed to Venusian surface conditions for 10 days (area mapped is that of Fig. 86(a)). 
Each pixel represents information gathered by spectrometer at O, Cr, Fe, and Ni Kα line and at Y 
and Zr Lα line.  
 
 
 
 
 
 
 
 
 
NASA/TM—2017-219437 87 
 
 
 
 
 
 
 
 
Figure 92.—X-ray elemental images of 304 stainless steel sample coated with 4 mol% yttria-stabilized 
zirconia, exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 87). Each 
pixel represents information gathered by spectrometer at C and O Kα line and at Y and Zr Lα line. 
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Figure 93.—X-ray diffraction patterns of unpolished side of 304 stainless 
steel samples coated with 4 mol% yttria-stabilized zirconia, unexposed 
and exposed to Venusian surface conditions for 42 days. 
 
 
 
 
 
 
 
Figure 94.—Cross-sectional scanning electron microscopy images of 316 stainless steel samples coated with 
4 mol% yttria-stabilized zirconia. (a) Unexposed. (b) Exposed to Venusian surface conditions for 10 days. 
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Figure 95.–Cross-sectional images of unexposed 316 stainless steel samples coated with 4 mol% yttria-stabilized 
zirconia. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 96.—Cross-sectional images of 316 stainless steel samples coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
Figure 97.—Cross-sectional images of 316 stainless steel samples coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. (b) Backscattered-
electron image. 
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Figure 98.—Energy dispersive spectroscopy analysis of unexposed 316 stainless steel sample coated with 4 mol% 
yttria-stabilized zirconia (Fig. 95). (a) Bulk. (b) Coating. 
 
 
Figure 99.—Energy dispersive spectroscopy analysis of 316 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 10 days (Fig. 96). (a) Bulk. (b) Coating. 
 
 
Figure 100.—Energy dispersive spectroscopy analysis of 316 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 42 days (Fig. 97). (a) Bulk. (b) Coating. 
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Figure 101.—X-ray elemental images of 316 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 10 days (area mapped is that of 
Fig. 96). Each pixel represents information gathered by spectrometer at O, Cr, Fe, Ni, and Mn 
Kα line and at Mo, Y, and Zr Lα line.  
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Figure 102.—X-ray elemental images of 316 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia, exposed to Venusian surface conditions for 42 days (area mapped is that of 
Fig. 97). Each pixel represents information gathered by spectrometer at O, Cr, Fe, and Ni Kα line 
and at Mo, Y, and Zr Lα line.  
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Figure 103.—X-ray diffraction patterns of unpolished side of 316 
stainless steel samples coated with 4 mol% yttria-stabilized zirconia, 
unexposed and exposed to Venusian surface conditions for 42 days. 
 
 
Figure 104.—Cross-sectional scanning electron microscopy images of 1018 steel samples coated with 4 mol% 
yttria-stabilized zirconia. (a) Unexposed. (b) Exposed to Venusian surface conditions for 10 days. 
 
 
Figure 105.—Cross-sectional images of unexposed 1018 steel sample coated with 4 mol% yttria-stabilized 
zirconia. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 106.—Cross-sectional images of 1018 steel sample coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
 
 
Figure 107.—Cross-sectional images of 1018 steel sample coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. 
(b) Backscattered electron image. 
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Figure 108.—Energy dispersive spectroscopy analysis of unexposed 1018 stainless steel sample coated with 4 mol% 
yttria-stabilized zirconia (Fig. 105). (a) Bulk. (b) Coating. 
 
 
 
Figure 109.—Energy dispersive spectroscopy analysis of 1018 stainless steel sample coated with 4 mol% yttria-
stabilized zirconia exposed to Venusian surface conditions for 10 days (Fig. 106). (a) Bulk. (b) Coating. 
 
 
 
Figure 110.—Energy dispersive spectroscopy analysis of inner layer formed between bulk and coating of 1018 
stainless steel sample coated with 4 mol% yttria-stabilized zirconia, exposed to Venusian surface conditions. 
(a) 10 days exposure (Fig. 106). (b) 42 days exposure (Fig. 107).  
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Figure 111.—X-ray elemental images of 1018 steel sample coated with 4 mol% yttria-stabilized 
zirconia, exposed to Venusian surface conditions for 10 days (area mapped is that of Fig. 106). 
Each pixel represents information gathered by spectrometer at C, Fe, O, Y, and Zr Kα line.  
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Figure 112.—X-ray elemental images of 1018 steel sample coated with 4 mol% yttria-stabilized zirconia, 
exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 107(a)). Each pixel 
represents information gathered by spectrometer at C, Fe, O, Y, and Zr Kα line.  
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Figure 113.—X-ray diffraction patterns of unpolished side of 1018 steel 
samples coated with 4 mol% yttria-stabilized zirconia, unexposed and 
exposed to Venusian surface conditions for 42 days. 
 
 
 
 
 
Figure 114.—Thicknesses of coatings on stainless steels 
304 and 316 versus time exposed to Venusian surface 
conditions. Lines were added to data points to serve as  
a guide to the eyes. 
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Figure 115.—Cross-sectional images of unexposed 304 stainless steel sample coated with Dursan 
(SilcoTek Co.). (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 116.—Cross-sectional images of 304 stainless steel sample coated with Dursan (SilcoTek Co.), exposed 
to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron 
image.  
 
 
 
Figure 117.—Cross-sectional images of 304 stainless steel sample coated with Dursan (SilcoTek Co.), exposed 
to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. (b) Backscattered-electron 
image. 
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Figure 118.—Cross-sectional focused ion beam images of 304 stainless steel sample coated with Dursan 
(SilcoTek Co.), before and after exposure to Venusian surface conditions for 21 days. (a) Before. (b) After.  
 
 
 
Figure 119.—Energy dispersive spectroscopy analysis of 304 stainless steel sample coated with Dursan 
(SilcoTek Co.), exposed to Venusian surface conditions for 10 days (Fig. 116). (a) Bulk. (b) Coating. 
 
 
 
Figure 120.—Energy dispersive spectroscopy analysis of 304 stainless steel sample coated with Dursan, exposed to 
Venusian surface conditions for 42 days (Fig. 117). (a) Bulk. (b) Coating. 
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Figure 121.—X-ray elemental images of 304 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days (area mapped is that of Fig. 116). Each pixel 
represents information gathered by spectrometer at O, Si, Cr, Mn, Fe, and Ni Kα line and at Nb Lα line.  
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Figure 122.—X-ray elemental images of 304 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 117). Each pixel 
represents information gathered by spectrometer at C, O, Si, Cr, Mn, Fe, and Ni Kα line and at Nb Lα line.  
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Figure 123.—X-ray diffraction patterns of unpolished side of 304 stainless 
steel samples coated with Dursan (SilcoTek Co.), unexposed and 
exposed to Venusian surface conditions for 42 days. 
 
 
Figure 124.—Cross-sectional images of unexposed 316 stainless steel sample coated with Dursan 
(SilcoTek Co.). (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 125.—Cross-sectional images of 316 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
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Figure 126.—Cross-sectional images of 316 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
Figure 127.—Cross-sectional focused ion beam images of 316 stainless steel sample coated with Dursan 
(SilcoTek Co.), before and after exposure to Venusian surface conditions for 21 days. (a) Before. (b) After. 
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Figure 128.—Energy dispersive spectroscopy analysis of 316 stainless steel sample coated with Dursan 
(SilcoTek Co.), exposed to Venusian surface conditions for 10 days (Fig. 125). (a) Bulk. (b) Coating. 
 
 
Figure 129.—Energy dispersive spectroscopy analysis of 316 stainless steel sample coated with Dursan 
(SilcoTek Co.), exposed to Venusian surface conditions for 42 days (Fig. 126). (a) Bulk. (b) Coating. 
(c) Inner layer between them. 
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Figure 130.—X-ray elemental images of 316 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days (area mapped is that of Fig. 125). Each pixel 
represents information gathered by spectrometer at O, Si, Cr, Fe, and Ni Kα line and at Mo Lα line.  
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Figure 131.—X-ray elemental images of 316 stainless steel sample coated with Dursan (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 126). Each pixel 
represents information gathered by spectrometer at O, Si, Cr, Fe, and Ni Kα line and at Mo Lα line.  
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Figure 132.—X-ray diffraction patterns of the 316 stainless steel samples coated with 
Dursan (SilcoTek Co.), unexposed and exposed to Venusian surface conditions for 
42 days. 
 
 
Figure 133.—Cross-sectional images of unexposed 304 stainless steel sample coated with SilcoNert 1040 
(SilcoTek Co.). (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 134.—Cross-sectional images of 304 stainless steel sample coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
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Figure 135.—Cross-sectional images of 304 stainless steel sample coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
Figure 136.—Cross-sectional focused ion beam images of 304 stainless steel sample coated with 
SilcoNert 1040 (SilcoTek Co.), before and after exposure to Venusian surface conditions for 21 days. 
(a) Before. (b) After. 
 
 
Figure 137.—Scanning electron microscopy image of 
surface of 304 stainless steel coated with SilcoNert 
1040 (SilcoTek Co.), exposed to Venusian surface 
conditions for 21 days. 
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Figure 138.—Energy dispersive spectroscopy analysis of 304 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days (Fig. 134). (a) Bulk. (b) Coating. 
 
 
 
 
Figure 139.—Energy dispersive spectroscopy analysis of 304 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days (Fig. 135). (a) Bulk. (b) Coating. 
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Figure 140.—X-ray elemental images of 304 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 10 days (area mapped is that of Fig. 134). Each pixel 
represents information gathered by spectrometer at C, Si, Cr, Fe, and Ni Kα line.  
 
NASA/TM—2017-219437 112 
 
Figure 141.—X-ray elemental images of 304 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 135). Each pixel 
represents information gathered by spectrometer at O, C, Si, Cr, Fe, and Ni Kα line.  
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Figure 142.—X-ray diffraction patterns of unpolished side of 304 stainless 
steel coated with SilcoNert 1040 (SilcoTek Co.), unexposed and exposed 
to Venusian surface conditions for 42 days. 
 
 
 
 
 
Figure 143.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of stainless steel 304 
sample polished side coated with SilcoNert 1040 (SilcoTek Co.), before and after exposure to Venusian surface 
conditions for 21 days. (a) Before. (b) After. 
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Figure 144.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of stainless steel 304 
sample polished side coated with Dursan (SilcoTek Co.), before and after exposure to Venusian surface 
conditions for 21 days. (a) Before. (b) After. 
 
 
Figure 145.—Cross-sectional images of unexposed 316 stainless steel coated with SilcoNert 1040 (SilcoTek 
Co.). (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 146.—Cross-sectional images of 316 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), exposed 
to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron 
image. 
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Figure 147.—Cross-sectional images of 316 stainless steel coated with SilcoNert 1040 (SilcoTek Co.), 
exposed to Venusian surface conditions for 42 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
 
 
Figure 148.—Cross-sectional focused ion beam images of 316 stainless steel coated with SilcoNert 1040 
(SilcoTek Co.), before and after exposure to Venusian surface conditions for 21 days. (a) Before. (b) After. 
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Figure 149.—Energy dispersive spectroscopy analysis of 316 stainless steel coated with SilcoNert 1040 
(SilcoTek Co.), exposed to Venusian surface conditions for 10 days (Fig. 146). (a) Bulk. (b) Coating. 
 
 
 
 
 
 
Figure 150.—Energy dispersive spectroscopy analysis of 316 stainless steel coated with SilcoNert 1040 
(SilcoTek Co.), exposed to Venusian surface conditions for 42 days (Fig. 147(a)). (a) Bulk. (b) Coating. 
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Figure 151.—X-ray elemental images of 316 stainless steel coated with SilcoNert 1040 
(SilcoTek Co.), exposed to Venusian surface conditions for 10 days (area mapped is that of 
Fig. 146). Each pixel represents information gathered by spectrometer at C, O, Si, Cr, Fe, and 
Ni Kα line and at Mo Lα line.  
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Figure 152.—X-ray elemental images of 316 stainless steel coated with SilcoNert 1040 (SilcoTek 
Co.), exposed to Venusian surface conditions for 42 days (area mapped is that of Fig. 147). Each 
pixel represents information gathered by spectrometer at C, O, Si, Cr, Fe, and Ni Kα line. 
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Figure 153.—X-ray diffraction patterns of unpolished side of 316 stainless steel 
samples coated with SilcoNert 1040 (SilcoTek Co.), unexposed and exposed 
to Venusian surface conditions for 42 days. 
 
 
 
 
 
Figure 154.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of stainless steel 316 
sample coated with SilcoNert 1040 (SilcoTek Co.), before and after exposure to Venusian surface conditions  
for 21 days. (a) Before. (b) After. 
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Figure 155.—X-ray photoelectron spectroscopy depth profile using high-resolution regions of stainless steel 316 
sample coated with Dursan (SilcoTek Co.), before and after exposure to Venusian surface conditions for 21 days. 
(a) Before. (b) After. 
 
 
Figure 156.—Cross-sectional images of unexposed 304 stainless steel coated with porcelain. (a) Scanning 
electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 157.—Cross-sectional images of 304 stainless steel coated with porcelain, exposed to Venusian surface 
conditions for 10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 158.—Cross-sectional images of 304 stainless steel coated with porcelain, exposed to Venusian surface 
conditions for 42 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 159.—Energy dispersive spectroscopy analysis of bulk 316 stainless steel and porcelain coating, exposed to 
Venusian surface conditions for 10 days (Fig. 157). (a) Bulk. (b) Coating. 
 
 
Figure 160.—Energy dispersive spectroscopy analysis of bulk 316 stainless steel and porcelain coating, exposed to 
Venusian surface conditions for 42 days (Fig. 158). (a) Bulk. (b) Coating. 
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Figure 161.—X-ray diffraction patterns of 304 stainless steel samples coated with porcelain, 
unexposed and exposed to Venusian surface conditions for 42 days. 
 
 
Figure 162.—Cross-sectional images of unexposed alumina. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image.  
 
 
Figure 163.—Cross-sectional images of alumina sample exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
NASA/TM—2017-219437 123 
 
Figure 164.—Cross-sectional images of alumina sample exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
 
Figure 165.—Energy dispersive spectroscopy analysis of alumina. (a) Unexposed (Fig. 162). (b) Exposed to 
Venusian surface conditions for 10 days (Fig. 163). (c) Exposed to Venusian surface conditions for 42 days 
(Fig. 164). 
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Figure 166.—X-ray elemental images of alumina sample exposed to Venusian surface conditions for 
10 days (area mapped is that of Fig. 163). Each pixel represents information gathered by 
spectrometer at Al and O Kα line. 
 
 
Figure 167.—X-ray elemental images of alumina sample exposed to Venusian surface conditions for 
42 days (area mapped is that of Fig. 164). Each pixel represents information gathered by 
spectrometer at Al and O Kα line. 
 
 
Figure 168.—X-ray diffraction patterns of alumina samples, unexposed and 
exposed to Venusian surface conditions for 42 days. 
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Figure 169.—Cross-sectional images of silicon nitride exposed to Venusian surface conditions for 
10 days. (a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 170.—X-ray elemental images of silicon nitride exposed to Venusian surface conditions for 10 days 
(area mapped is that of Fig. 169). Each pixel represents information gathered by spectrometer at N and 
Si Kα line.  
 
 
Figure 171.—X-ray diffraction patterns of silicon nitride samples, unexposed 
and exposed to Venusian surface conditions for 42 days. 
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Figure 172.—Cross-sectional images of unexposed silicon carbide. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
 
Figure 173.—Cross-sectional images of silicon carbide exposed to Venusian surface conditions for 10 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
 
 
 
Figure 174.—Cross-sectional images of silicon carbide exposed to Venusian surface conditions for 42 days. 
(a) Scanning electron microscopy image. (b) Backscattered-electron image. 
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Figure 175.—Energy dispersive spectroscopy analysis of bulk (near edge of surface) silicon carbide. 
(a) Unexposed (Fig. 172). (b) Exposed to Venusian surface conditions for 10 days (Fig. 173). (c) Exposed 
to Venusian surface conditions for 42 days (Fig. 174). 
 
 
 
 
Figure 176.—X-ray elemental images of silicon carbide exposed to Venusian surface conditions for 
10 days (area mapped is that of Fig. 173). Each pixel represents information gathered by 
spectrometer at C and Si Kα line.  
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Figure 177.—X-ray elemental images of silicon carbide exposed to Venusian surface conditions for 
42 days (area mapped is that of Fig. 174). Each pixel represents information gathered by spectrometer 
at C and Si Kα line.  
 
 
 
 
Figure 178.—X-ray diffraction patterns of silicon carbide samples, 
unexposed and exposed to Venusian surface conditions for 42 days. 
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Figure 179.—Cross-sectional images of unexposed silica. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
 
 
Figure 180.—Cross-sectional images of silica exposed to Venusian surface conditions for 10 days. (a) Scanning 
electron microscopy image. (b) Backscattered-electron image. 
 
 
Figure 181.—Cross-sectional images of silica exposed to Venusian surface conditions for 42 days. (a) Scanning 
electron microscopy image. (b) Backscattered-electron image. 
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Figure 182.—Energy dispersive spectroscopy analysis of silica (near edge of surface). (a) Unexposed (Fig. 179). 
(b) Exposed to Venusian surface conditions for 10 days (Fig. 180). (c) Exposed to Venusian surface conditions for 
42 days (Fig. 181). 
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Figure 183.—X-ray elemental images of silica exposed to Venusian surface conditions for 10 days 
(area mapped is that of Fig. 180). Each pixel represents information gathered by spectrometer at C, 
O, and Si Kα line.  
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Figure 184.—X-ray elemental images of silica exposed to Venusian surface conditions for 42 days 
(area mapped is that of Fig. 181). Each pixel represents information gathered by spectrometer at C, O, 
and Si Kα line.  
 
 
 
 
 
Figure 185.—X-ray diffraction patterns of fused silica 
samples, unexposed and exposed to Venusian surface 
conditions for 42 days. 
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Figure 186.—Scanning electron microscopy image of 
surface of alumina exposed to Venusian surface 
conditions for 42 days. 
 
 
Figure 187.—Energy dispersive spectroscopy analysis of fiber-like material found on surface of alumina exposed to 
Venusian surface conditions for 42 days (Fig. 186). 
 
 
Figure 188.—Energy dispersive spectroscopy analysis of particulate-like material found on surface of alumina 
exposed to Venusian surface conditions for 42 days (Fig. 186). 
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Figure 189.—Scanning electron microscopy 
image of surface of silicon nitride exposed to 
Venusian surface conditions for 42 days. 
 
 
Figure 190.—Energy dispersive spectroscopy analysis of fiber-like material found on surface of silicon nitride 
exposed (Fig. 189) to Venusian surface conditions for 42 days. 
 
 
Figure 191.—Energy dispersive spectroscopy analysis of particulate-like material found on surface of silicon nitride 
exposed (Fig. 189) to Venusian surface conditions for 42 days. 
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Figure 192.—Scanning electron microscopy image of 
surface of amorphous silica exposed to Venusian 
surface conditions for 42 days. 
 
 
 
Figure 193.—Energy dispersive spectroscopy analysis of particulate-like material found on surface of amorphous 
silica exposed to Venusian surface conditions for 10 days (Fig. 192). 
 
 
 
Figure 194.—Scanning electron microscopy images of surface of gold coating electrodeposited on 316 stainless 
steel rod. (a) Unexposed. (b) Exposed to Venusian surface conditions for 10 days. 
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Figure 195.—Cross-sectional scanning electron 
microscopy images of stainless steel 316 rod with 
electrodeposited gold on its surface, exposed to 
Venusian surface conditions for 10 days. 
 
 
 
Figure 196.—Energy dispersive spectroscopy analysis of bulk 316 stainless steel and gold coating (Fig. 195), 
exposed to Venusian surface conditions for 10 days. (a) Bulk 316. (b) Gold coating. 
 
 
 
Figure 197.—Cross-sectional images of Inconel wire used to hang samples in Glenn Extreme Environments Rig, 
exposed to Venusian surface conditions for 10 days. (a) Scanning electron microscopy image. 
(b) Backscattered-electron image. 
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Figure 198.—Energy dispersive spectroscopy analysis of Inconel wire used to hang samples in Glenn Extreme 
Environments Rig, exposed to Venusian surface conditions for 10 days (Fig. 197). (a) Surface. (b) Bulk. 
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Figure 199.—X-ray elemental images of Inconel wire used to hang samples exposed to Venusian 
surface conditions for 10 days (area mapped is that of Fig. 197). Each pixel represents information 
gathered by spectrometer at C, Cr, Fe, Al, Ni, Si, and O Kα line and at Mo and Ta Lα line.  
 


